“ MASS FIRE LIFE HAZARD

OCD WORK UNIT 2537A

September 1966

Distribution of this Document is Unlimited

4 c,LEARlNGH}g—riJF?CEAND» " - |
)R FEDERAL SCIE AW :
FOTECHmc.AL INF_QRMATION r"!““ CEe
Hardcopy | Microfiche ‘ E—‘\ .
' / H i~ i"‘
(300 |5 05 /7 Twl® ' oy e

, BRCHIVE COPY_|

NRDL TRC-63

SOUTHWEST RESEARCH INSTITUTE
SAN ANTONIO HOUSTON




12

SR

T TR

SOUTHWEST RESEARCH INSTITUTE
8500 Culebra Road, San Antonioc, Texas 78206

Department of Structural Research
Fire Research Section

MASS FIRE LIFE HAZARD

A. J. Pryor
C. H. Yuill

FINAL REPORT

Prepared for
Office of Civil Defense
Department of the Army - OSA
under
Work Unit 2537A
through the
U. S. Naval Radiological Defense Laboratory

San Francisco, California 94135

Contract No. N228(62479)68665
OCD REVIEW NOTICE
This report has been reviewed in the Office of Civil Defense
and approved for publication. Approval does not signify that
the contents necessarily reflect the views and policies of the

Office of Civil Defense.

Distribution of this document is unlimited.

September 1966

PP
PR M‘“‘“‘




FOREWORD

This report covers the work performed during an investigation under-
taken for the U. S. Office of Civil Defense, Department of the Army under the
direction of the U. S. Naval Radiological Defense Laboratory.

The study was monitored by Dr., Mathew Gibbons of the Naval Radio~
logical Defense Laboratory. Drs. A. D. Mason and F. D. Foley of the Surgi-
cal Research Unit, Brooke Army Medical Center, Lt, Col. A. E. Adams,
Nuclear Biological Sciences, Medical Field Service School, Brooke Army Medi-
cal Center, and Drs, O. T. Benson and D. E. Johnson served as consultants
to the program.

The work represents a joint effort of Mr, Andrew J., Pryor, who
served as the principal investigator, Dr. Fred W, Bieberdorf and Mr. Calvin
H. Yuill. Valuable assistance with animal tests was given by Mr. John Miesse
of the Department of Physical and Biological Sciences of Southwest Research
Institute.
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ABSTRACT

A program was undertaken to define the life hazard in a mass fire
environment resulting from nuclear attack. The nature of casualties and
hazards in peacetime and wartime fires was reviewed, and experimental .
efforts to simulate mass fire situations were studied.

This 'state-of-knowledge review revealed a number of areas in need
of further definition regarding the true mass fire life hazard. These areas
have been specified and limited experimental studies conducted in two of them
in order to define their significance with respect to the cverall mass fire life

hazard.
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SUMMARY

Definition of the mass fire life hazard involves many factors and can-
not be stated simply in any quantitative manner. This report is a qualitative
description of the hazard as it is known to date.

The first part of this program consisted of examining the life safety
problem in various possible fire environments by means of a state-of-
knowledge review. It indicates quite clearly the generally recognized hazards.
Many investigators have defined these as carbon monoxide, heat, and inade-
quate oxygen by themselves or in combination depending upon the ventilation
conditions. Others conclude generally that the important factors are heat in
open areas and carbon monoxide in shelters and that deaths occurred only in
those shelters directly exposed to burning or sinoldering fuel, sometimes in
the form of rubble or debris.

Two recent studies are referenced in which a comprehensive review
of the literature relative to combustion products in fires in buildings is

presented., Both conclude that carbon monoxide and possibly oxygen deficiency

are the primary factors in most building fires. Reference is made to the
serious effect of the combination of two or more gases each of which if

existing alone may not be harmful,

. The interrelationships in the development of carbon monoxide, oxygen
deficiency, and other gases, or the possible existence of undetermined syner-
gisms have not yet been defined. Also, medical fesearch indicates the

importance of respiratory tract injury as the primary killer of the burn

patient, yet there is. not sufficient information available to analyze the factors
involved in respiratory tract injury. No experimental work has been done on
inhalation injuriés from combustion products in the upper and middle respira-
tory tract. The chemical tracheitis is not expected to occur from the inhala-

‘tion of carbon monoxide, a reduced oxygen atmosphere, or even heat.

Noxious gases and smoke are suspected as the cause., Heat may be a factor
in causing mucosal injury or enhancing it in the presence of carbon monoxide
or other noxious gases.

The life hazards and physiological effects of carbon monoxide, heat,
and reduced oxygen have been reasonably well defined for fires in individual
buildings; however, a true definition of the mass fire life hazard requires that
the effects of these factors in combination be known. The literature réveals
very little on this subject that is applicable to the mass fire life hazard.

A limited number of animal experiments were performed to examine
the significance of any relationship between carbon monoxide and heat. It is
indicated that such a combination may be five to twelve times more lethal
than either factor considered sepatrately.

Bl R T R




AT T et

i c e,

A series of animal expgi‘iments is recommended to demonstrate the
significance of the noxious gases and smoke in a heated stream of combustion
products from the burning of typical building materials. Such a program
would either confirm or disprove the preponderance of opinion that carbon
monoxide, heat, or anoxia are the main hazards in mass fires.
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I. INTRODUCTION

A, Background

The history of fire in warfare has been well documented by Rumpf who
points to the uninterrupted use of fire in war from ''time immemorial, " 293)
The dropping of incendiary bombs during the air raids of World War II in
Germany and Japan again demonstrated the value of fire as an offensive
weapon. The mass fires created by some of these air raids literally wiped
out large sections of many cities and killed thousands of persons. Damaging
as these fires were, however, many persons survived. In general, it is the
purpose of this paper to define the life hazard in mass fires with a view to
isolating those factors that may be developed to increase the survival rate in
any future catastrophe of this nature.

The advent of nuclear bombs in the late stages of World War II demon-
strated the power of atomic warfare. One of the most serious consequences
was the development of large-scale fires. Since the destructive capability of
thermonuclear weapons has increased tremendously since that time, it
becomes even more important that all possible avenues of survival be thor-
oughly explored. Further interest in the subject of this study has developed
in recent years as the result of serious fires in individual buildings involving
large loss of life. In many instances, it has been recognized that death has
been due to causes other than external burns. Since the Cocoanut Grove fire
in 1941, medical attention has been directed toward this problem, and more
recently regulatory officials have expressed concern over the use of building
materials that are suspected of producing smoke or gases as they burn that
might interfere with escape and rescue in future building fires. Preliminary
research in the latter area has been sponsored by the National Fire Protec-
tion Association{243), the United States Public Health Service(385), and the
Plastics Industry(95). All three studies were, in effect, state-of-the-art
reviews with a considerable amount of evidence indicating that factors causing

loss of life in building fires may be of equal concern in war-induced mass{ires.

B. Scope of Work

The specific objective of this study was to define the threat from
nuclear attack fires to people in fallout shelters and elsewhere, and delineate
the requirements for life safety in a mass fire environment. Although the
investigation was broad and unlimited in scope, the following areas were
defined for specific coverage:

(1) Examining the life-safety problem in various possible fire
environments by means of a state-of-knowledge review;

(2)  Suggesting interim guidance and research areas; and
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(3)  Initiating supporting investigative laboratory studies and para-
metric analyses.,

C. AEEroach

The method followed has been to reexamine the evidence presented in
the three studies mentioned above and such additional evidence as can be
found as to the cause of death or injury in fires as it relates to mass fire
situations. More specifically, an attempt was made to answer the question,
"What would be the hazard in a mass fire to the person caught in the open and
the person secking refuge in a variety of types of shelter ?'"" Past experience

. has. shown that there exists a large number of conflicts in experimental data

and that much of the experimental work involves methods and techniques differ-
ing to the extent that experimental results frequently cannot be compared.
Therefore, consideration has been given to those specific areas where addi-
tional work is needed to verify results from the past and in some cases to
extend knowledge previously gained in order to define specific situations.

Indicative of the problems involved is the conflict of evidence on what
constitutes a dangerous exposure to heat and other products of the combustion
process. Most of the information available on the hazards of various danger-
ous gases, for instance, relates to eight-hour exposures. To the person
caught in a building fire or caught in the open under air-raid conditions, the
8-hr exposure factor is of little consequence. On the other hand, to
the person seeking refuge in a well-designed shelter, and considering the
fallout situation involved in thermonuclear weapons, it is necessary to con-
sider the situation with respect to a two-week exposure to such gases as may
penetrate into the shelter. The other factor of concern with respect to work
done in the past is the existence of gaps in knowledge of specific components
of the combustion process or of specific gases, both by themselves and in
combination with other gases and effects.

In conducting this study, consideration has been given to individual
building and mass fire situations and to theé effects of products of combustion
on individuals. Specifically excluded from this study was the consideration
of the hazards of nuclear radiation and the burns or other factors resulting
therefrom. Also, experimental work has been limited to a very brief explora-
tion of some of the elements involved in the late stages of the program.

In order to familiarize the reader with the organization of this report
and provide him with an understanding of its purpose, the following brief

resumes on the content of each section are relevant,.

Section II provides a brief historical account of mass fire experience

to date and is intended to provide the reader with an understanding of the

entire problem, giving him some of the background which established the need
for the research in this report.
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Section III is an analysis of the mass fire environment based upon
those parameters thought to be most important by persons knowledgeable in
the life hazards of fires, This section is a definition of the mass fire envi-
ronment in general terms and is intended to give the reader an accurate as
possible picture of what is to be expected.

. Section IV again considers the parameters thought to be most impor-
tant when analyzed from the aspect of their eifects on man. Entitled ''Survival
Criteria, ' this section defines the life-safety hazard of each parameter dis-
cussed, not only individually but in combination with one another where the
information is available.

Section V is a careful examination of mass fires which have occurred
in the past. From these a series of conclusions is drawn based on facts or
inferences presented relative to causes of death. In addition, this section
points up the important differences in mass fires and how the life safety of
people within themr is threatened by the parameters previously discussed in
Sections TII and IV,

Section VI is an analysis of the life hazards presented to persons in
various shelter situations by a mass fire environment. Life safety is con-
sidered in conflagrations and fire storms (with and without fallout) for people
in the open, in OCD designated and nondesignated shelters. Also in this
chapter, the German shelter experience is evaluated. In addition, the closed
shelter which has gained such interest since World War II is also considered
for both its internal (heat and COj buildup within) and external hazard.

Section VII reports the results of a series of experimental test fires
using Douglas fir. During these tests, the combustion product stream was
analyzed for its CO, CO;, O3, and heat content. Under these carefully con-
trolled conditions, the only factor varied was ventilation. From these experi-
ments, the ranges of CO, CO;, heat, and the degree of oxygen reduction (along
with their various ratios) may be established with regard to the varying venti-
lation rates and corresponding time.

Section VIII is a brief outline of an initial series of animaltests designed
to demonstrate the significance of cértain synergistic actions regarding some
of the more common and important parameters expected to be a hazard to life
in any mass fire environment. The particular tests completed during this pro-
ject demonstrated the significance of the synergism between heat and carbon
monoxide,

D. Definitions

Any thorough analysis of life hazard in a physical situation of necessity
involves the use of medical terms, many of which may not be clear to all
readers. While the use of such terms has been limited, complete elimination
of them could not be achieved without unduly increasing the length of this :
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report. In the intercsis of brevity and clarity, we list here the definitions of

the medical terms used in this report - and also the definitions of a few
other special terms used in the report.

N TV, TN LR

ANOXEMIA - Lack of sufficient oxygen in the blood.

ANOXIA - Oxygen deficiency, with consequent disturbance in body
functions.

ASPHYXIA - Unconsciousness due to suffocation or interference of
any kind with oxygenation of the blood.

CANNULA - An instrument devised to fit various body channels.

CARBOXYHEMOGLOBIN - The compound formed by carbon monoxide
with the hemoglobin in poisoning by that gas.

'CHEYNE-STOKES RESPIRATION - A type of breathing in which the
respirations gradually increase in depth up to a certain point
and then-decrease; finally, all respiration ceases for half a
minute or so and then begins againas before,

CONFLAGRATION - A mass fire with a moving front. Strong winds
or topography cause the fire to spread in a particular direction.

CYANOSIS - A dark bluish or purplish color of the skin and mucous
membranes, due to insufficient oxygen in the bloodstream.
Cyanosis appears when the reduced hemoglobin in the capillary

blood is 5 mg or more per 100 cc.

CYANOTIC - Relating to-or marked by cyanosis.

DESIGNATED SHELTER - Shelter surveyed, stocked and marked by
Office of Civil Defense as a shelter.

DYSPNEA - Shortness of breath; difficult or uncomfortable respiration.

EDEMA - Excessive accumulation of fluid in the tissues, causing
swelling.

EPIGLOTTIS - The cartilage in the throat which guards the entrance

to the trachea (windpipe) and prevents fluid or food from enter-
ing it whén one swallows.

EPITHELIUM - The cells lining all the passages of the hollow organs
of the respiratory, digestive, and-urinary systems.
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FIRESTORM - A mass fire with stationary front. Strong inward
winds are caused by rising columns of hot gases, and the spread

of fire is largely limited to the initially ignited area.

FIREWHIRL - A violent wind devil or cyclonic action of varying size
and intensity which occurs within large fires due to the unstable

air conditions.

GLOTTIS - The vocal cords and opening between them.

HEMOGLOBIN - The pigment in the red blood cells. It is the substance
which carried oxygen to the tissues.

HYPERTHERMIA - Extremely high fever.

HYPERTHERMIC - Producing a high fever,
HYPOXIA - Inadequate oxygen in the lungs and in the blood.

IN VITRO - Within glass; said especially of experiments carried on
in test tubes or outside of the living organism.

IN VIVO - Within the living organism: opposed to in vitro.

LARYNX - The voice box, situated between the base of the tongue and
the windpipe.

MASS FIRE - A fire which occurs from the merging of several sepa-

rate fires intoa single fire involving a large number of buildings.

NECROSIS - Death of tissue.

NONDESIGNATED SHELTER - Any area used as shelter which has not
been surveyed, stocked and marked by the Office of Civil

Defense authorities.
NOXIOUS GASES - Injurious, harmful gases.

PHARYNX - The upper expanded portion of the digestive tube, between
the esophagus below and the mouth and nasal cavities above and
in front.

TOXEMIA - Blood poisoning, the presence in the blood of any patho-
genic microorganism.

TRACHEA - The windpipe; the air-tube extending from the larynx to
the bronchi.

TRAUMA - A wound or injury, usually inflicted more or less suddenly.
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II. MASS FIRE EXPERIENCE

In September of this yea®, England will commemorate the 275th anni-
versary of the Great London Fire. DramaticallydescribedinSamuel Pepys
Diary( 67), this conflagration wiped out a large section of the old London.

It was one of a series of conflagrations that, over the years, has taken a
great toll in lives and property.

Records of these early firesare apt to be sparse, if at all existent.
It was not until the late nineteenth century that detailed records were made of
mass fires. Indicative of the losses involved are records taken from the
NFPA Handbook of Fire Protection{245) of which Table 1 is a brief tabulation.

TABLE 1. MASS FIRES IN PEACETIME

City Year Life Loss
Chicago 1871 250
Peshtigo 1871 1,052
Boston 1872 13
Baltimore 1904 0
San Francisco 1906 452
Tokyo/Yokahama 1923 91,334
Hakodate, Japan 1934 2,018
Chang Sha, China 1938 2,000
Fukui, Japan 1948 3,000

Chunking, China 1949 2,513

These were peacetimes fires. In some instances, the number of
lives lost in comparison to the buildings destroyed was relatively low, reflec-
ting a slow advance of the fire which allowed time for people to escape, often
with many of their household goods. The Baltirsre fire occurred in the
business district on a weekend. Even so, it was remarkable that no lives
werec reported lost. The San Francisco and Tokyo fires followed earthquakes:
and covered such wide areas that escape became extremely difficult. Also,
it is difficult to separate the casualties caused by the earthquake from those
caused by the fire. ‘

The great fires in Japan and China involved highly combustiblé, closely
built dwellings that invited such rapid fire spread as tc render escape extremely
difficult, :

The potential for mass fires in today's cities still exists, but to a 3
much lesser extent than formerly. Fire-resistive construction is now required
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in the heavily built-up areas so that the risk decreases as older buildings are
replaced by new. Greater separation between buildings, wider streets, and
better trained and better equipped fire departments add to the relative
safety of our cities today.

What is said above applies to peacetime mass fires, The methods
used in subduing the enemy in World War II demonstrated the value of fire
as an offensive weapon system. It was used with extreme effect in World
War II. The statistics compiled by Lommasson(191) and presented here as

Table 2 serve as a grim reminder of the destructive potential of fire used as
a weapon of offense.

TABLE 2. SUMMARY OF GERMAN AND JAPANESE AIR RAID
EXPERIENCE DURING WORLD WAR 1I

Percent of Buildings Area Burned,
City Lives Lost Population Destroyed sq mi
Tokyo 84, 000 1.2 300, 000 15.8 (total loss)
Hamburg 42, 000 2.4 300, 000 4,5 (total loss)
12 (heavy damage)

Kassel 8, 700 3.8 33,000 2.9 (total loss)
Darmstadt 8,100 7.4 22,090 1.5
Hiroshima 70, 000 28.0 68, 000 4.4 (firestorm area)
Nagasaki 40, 000 17.0 21,000 0.049 (fire only)

0.864 (fire and blast)

Unquestionably, casualties were greatly reduced due to partial evacua-
tion of cities prior to the war action. Essential workers, however, were
needed in target areas and, in some instances, particularly in the German
cities, were afforded some protection by air-raid shelters. In Hamburg
alone, some 240, 000 people survived the extremely heavy air raids in massive,

bunker type shelters(gs) Other types of shelters were not as successful, and
many thousands lost their lives in what they had thought would be relatively

secure are2 . In other instances, masses of people took refuge in open
spaces, oftenwith mass casualties resulting. The reasons for the heavy
casualties in mass fires are the primary concern of this study, and all of the
possibilities will be examined in the following sections.

The techniques of defining causes of death in fires today are not suf-
ficiently developed to assure positive meaning to various types of analyses
that may be conducted. For instance, if a body has reddened lips and skin,

a rule of'thumb dlagnoms is ''death by carbon monoxide.' More sophisticated
studies have revealed other causes of the reddening. Some studies have
uncovered circum stancest280) where traces of carbon monoxide poisoning




have been obliterated by other exposures. In wartime situations or mass fire
situations where the fight for survival is of prime concern, individuals are
not apt to be present having a scientific interest and the equipment neces-
sary to make measurements of temperatures, possible toxic gases, types of
smoke, oxygen levels, and other factors that may present a hazard to life,
Thus, the present effort has been to scan in detail the available records for
clues as to what might have happened. This, in combination with current
studies of the reaction of animals and people exposed to fire conditions and
autopsies conducted on those who have succumbed to such exposures, provide
sourcés of information on which to assess the mass fire life hazard.

Certain other historical events provide further light on the subject.
Extreme conditions resulting from crowding too many people into too small a
space with excessive heat developing were demonstrated in the incident
known as the "Black Hole of Calcutta." Here, in 1756, 145 men and oné&
woman are reported to have been taken prisoner and thrown into a cubicieé
18 ft long, 14 ft high and 10 in. wide(198,249), The cumulative body tempera-
ture caused a rise in ambient temperature and emotional stress to a point that
only twenty-two men and the woman were alive the following morning. In
more recent years, the Cocoanut Grove Nightclub fire in Boston in 1942
involved 489 deaths and more than 166 injuries{24), Such fires as this,
together with other tragic fires, provide the incentive for more intensive
research in fire prevention on the one hand and in medical treatment of burn
injuries on the other.. Many of the resulting data are applicable to the life
hazard in mass fires.
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III. MASS FIRE ENVIRONMENT

A, General

The mass fire environment is an ektremely complex and changing
phenomenon. It could be said that the mass fire environment will be hot and
smoky, have changing wind velocities, and contain a conglomeration of com-
bustion products. To consider the situation analytically, we must know how
hot for how long, how much smoke, what are the wind velocities, and what
are the concentrations and locations of the combustion products present and
their persistence.

Discussion of any one of the parameters in a mass. fire environment
will show that there is an interrelationship between it and the others; for
example, the amount of carbon monoxide is related to the oxygeéen content,
and-these are both related to the wind speed: Perhaps more important is the
relationship of the fuel and its chemical composition with the parameters of
this environment. When considering a fixed point within a mass fire environ-
ment, one recognizes the need of an adequate definition of terms in showing
the interrelationships of the parameters involved.

‘Numerous investigators have recognized these difficulties and expressed
their concern as to the value of extrapolating thé results of experimental work
to other fires. Each experimental fire presénts its own patticular set of
conditions, and the results obtained do not always agree with what has been
recorded in others. Nevertheless, it should- be poséible to define ‘within some
range the important life-safety parameters within a mass fire.

This section is concerned. only with the mass fire environment and
the levels of toxic gases, heat, and smokeé to-be found therein. Thée meaning
of the levels of conceéntrations of these .gases, heat, and smoke with respect
to life safety is discussed in detail in Section IV.

B. Hazards of Mass Fire Environment

1. Convective Heat

The time-temperature history within burning buildings during
peacetime has been of much interest in the past because of its direct relation-
ship to the structural integrity and the safety of personnel within and around
the burning ‘buil’dings. Present building codes réflect this interest in the
requirement for structural elements to withstand different amounts of expo-
sure-to a standard fire. (240) The ASTM E119 time-temperature curvel8} has.
been developed as a result of actual building burns, and it has been found to
be fairly representative of the interior temperatures (if not lowér) as mea-
sured in burning buildings by many -inveéstigators since its establish-
ment. (37, 307, 311) This curve, shown.in Figire 1, is in no way meant to be
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FIGURE 1. STANDARD TIME-TEMPERATURE CURVE

representative of the fire conditions expected within a mass fire, but it does

represent the temperatures to be expected within a fully involved burning
structure.

The temperatures or heat fluxto be expected withinamassfireare
not precisely defined as yet. There is considerable interest in this definition,

and much is presently being done in an attempt to better define the heat flux
within a mass fire.(82)

The heat fluxas measured inany fire can only be defined for that
particular fire and at a particular measuring point. There may be questions
regarding its meaning or its relationship to other fires or even to other points
within the test fire monitored. Experimental fires to date have been small,
the largest being 40 acres in size. Some investigators have stated that mass
fires require the involvement of at least 640 acres (! square mile).(37)

Fireés are complex, andno one fire may be typical; that is, there is no evi-
dence to reflect the similarity or reoccurrence tobe expected with regard to
any of the parameters of interest. For these reasons, it is very difficult if
not impossible to extrapolate from these fires. This is pointed out quite well
in a feport by Countryman(82) in which he states:
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'"In general then, one must conclude that although there exists a
considerable body of knowledge about the characteristics of small
fires and of firec burning under normal conditions, there is a

dearth of quantitative information concerning large and intensive fires. "

These questions are valid; however, it should still be possible, by
means of a series of tests, to détermine the '"range of temperatures' to be
expected in various locations within a fire, Test data to accomplish this will
be examined below. For civil defense purposes, the area of the average and
the upper range temperatures would be of greatest interest.

Inthis regard, the upper range must be looked at carefully in order
to determine its duration and frequency of occurrence within the mass fire
environment as a whole. For example, temperatures of 1925°C (3500° F)
that occur only over small areas at a very few specific locations and for very
short periods of time are not nearly as significant as temperatures of 1260°C
(2500° F) which occur over much larger areas at many locations for longer
periods of time.

An additional factor to consider is the significance of the temperature
or heat flux differences. For example, to a person caught out in the open,
temperatures: of 1260°C (2500° F or above) are immediately fatal. The dif-
ference, theréfore, between 1260°C and 1925°C is academic regarding sur-
vival. An upper ''range' that has been recorded in the immediate flaming
fire zones of burns by various experimenters has been in the 980° to 1315°C
(1800° to 2400° F) range.(37, 274) A lower range has clearly been Shown by
experiment to be in the range of 815° to 980°C (1500° to 1800° F). (307, 311)
These burns would have to be regarded as small in relation to a mass fire.
Burns conducted by the U. S. Forest Service have indicated the possibility
of much higher temperatures approaching 1650°C (3000° F) These have
been recorded in relatively small burns where the burning rate or violence
of the fire was high. (37, 274) This approaches the temperature obtamed
when wood is burned under ideal conditions [ 1800°C (3272° F)](

The following pages present abrief summary of these experimental
burns together with their maximum recorded temperatures. Professor
H. Hottel of the Massachusetts Institute of Technology suggested at the Fourth
Annual Office of Civil Defense Fire Research Contractors Conference in.
Pacific Grove, California, in March 1966, that perhaps a simple method of
determining a fire's severity would be to define its maximum temperature
and a corresponding time during which the fire was at or above some pre-
determined burning rate or some minimum temperature. In this summary,
the maximum recorded temperatures, along with the times during which
temperatures of one-half the maximum were recorded, are reported.

Itis indeed surprising to glance through this summary and note that
a number of experimenters have utilized equipment which proved incapable
of accurately recording the maximun: temperatures in their experimental




burns. For this reason, the maximum attainable temperature in such burns
has yet to be recorded.

The tests listed here were sponsored by the following organizations:

Office of Civil Defense Mobilization

Briones Burn

Camp Parks Burn

El Cerrito Rubble Probe Test
Los Angeles Tests

Richmond Test No. 1
Richmond Test No. 2

Office of Civil Defense

U. S. Forest Service Burns
Test Fire 380-4-63
Test Fire 380-6-63

Los Angeles Fire Department

Los Angeles School Burns

Division of Building Research, Material Research Council of
Canada

St. Lawrence Burns

Briones Burns(37)

Eleven windrows of trees and brush totaling about 900 tons "oven-
dry weight''on anarea of nine acres were ignited in sequence.

Maximum Temperature Thermocouple Locations
1065°C (1950° F) 1 ft above grade and 3 ft inside burning
>540°C (>1000° F) for 50 min windrow
870°C (1600° F) 2 ft above grade and 3 ft inside burning
>430°C (>800° F) for 50 min windrow
315°C (600° F) at grade and 1 ft and 2 ft; above grade 5 ft
>150°C (>300° F) for 40 min outside edge of burning windrow
150°C (300° F) at grade and 1 ft and 2 ft; above grade 25 ft
>65°C (>150° F) for 60 min from nearest windrow
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Camp Parks Burn(37)

Seventy-four simulated houses, each approximating 6000 1b of wood,
were ignited simultaneously. The following temperatures were recorded:

Maximum Temperature

>1315°C (>2400°F)
{TCPL failure at 5 min)

>1430°C (>2600° F)
(TCPL {failure at 8 min)

930°C (1700° F)
>455°C (>850° F) for 15 min

150° C (300° F)
>65°C (>150° F) for 30 min

260° C (500° F)
>120°C (>250° F) for 10 min

Thermocouple Locations

2 ft above grade in rubble-free pile in
center of burning area

1 ft above grade in rubble-free pile in
center of burning area

1 ft above grade in rubble pile in center of
burning area

1 ft and 2 ft above grade and approximately
10 ft of horizontal distance from free burn-
ing fires located in center of burning area

in front of shelter entrance located approxi-
mately 10 ft from burning rubble piles in
center of burning area

El Cerrito Rubble Probe Test( 37)

An old municipal building constructed of thick concrete with stucco
and brick covered walls was ignited and allowed to burn freely. Rubble tem-
peratures were recorded at three locations and reported as follows:

Approximate Time after Start (hr)

Temperatures {(° F)

4.5

- 0 O~ O
[SVIEN BEN I =]

Los Angeles Tests(37)

T 2 NN
900 1290 -
580 550 -
360 480 -
225 270 890
80 80 1890

The first fire consisted of 2 X4 mill ends scatteredto a depth of about
2 ft throughout a room in a vacant school. Fire was ignited in one corner and
extinguished at 17 min when the floor above was endangered {long before the
fuel at the base of the pile could be burned).
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Maximum Temperature Thermocouple Locations
650° C (1200° F) recorded at 6-+ft and 10-ft level at 17 min
>315°C (>600° F) for 7 min extinguishment started at this time

In the second fire, the room was loaded with lath and pallets and ignited at a
number of points around the outer edges. This was allowed to burn for
12 min before extinguishment was started.

Maximum Temperature . Thermocouple Locations
>980° C(>1800° F) temperature at 10-ft level exceeded 980°C
>480°C (>900° F) for 8 min (1800° F) twice during the 12-min burn

Richmond Test No. 1(37) -

A two-story, four-apartment building, measuring 50 X 28ft, stucco
covered, gypsum wallboard interior, oak floors and scrap lumber to simulate
furnishings was ignited and permitted to burn completely.

Maximum .Temperature Thermocouple Locations

1538°C (2800° F) recorded at 1 ft above grade
>760°C (>1400° F) for 10 min

925°C (1700° F) recorded at 2 ft above grade
>454°C (>850° F) for 75 min

1260° C (2300° F) recorded at grade
>620°C (>1150° F) for 80 min

Richmond Test No. 2(37)

Two single-story wood houses, one measuring 50 X22 ft and the other
24 X 18 ft, abcut 7 ft apart’at their nearest corners were ignited and allowed
to burn completely.

Maximum Temperature T:t'xermocouple Locations
>1370°C (>2500° F) recorded at grade and at 1 ft and 2 ft above
TCPL failure at 25 min grade inside houses

U. S. Forest Service Burns(gz’ 27.4)

Test Fire 760-2

Thirty-six piles of pinion pine each weighing 20 tons ("'over-dry weight'')-

and measuring 47 ft square by 8 ft high were simultaneously ignited over an
area of 4-1/2 acres.
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Maximum Temperature

>1455°C (>2650°F)
(TCPL failure)

1090°C (2000°F)
>540°C (>1000°F) for 10 min

260°C (500°F)
>120°C (>250°F) for 35 min

760°C (1400°F)
>370°C (>700°F) for 15 min

Test Fire 460-14

Thermocouple Locations

recorded at two piles (one peripheral)
within 2-1/4 min from ignition

recorded at 20-ft height in center of fire
area

recorded at 20-ft height in aisles just
inside peripheral piles

recorded at 20-ft height in aisles just
inside peripheral piles

A 40-acre plot containing 324 simulated houses, each approxi-
mating 20 tons of '"dry weight' pinion pine, was ignited.

Maximum Temperature

760° C (1400° F)
>370°C (>700° F) for 5 min

Thermocouple Locations

recorded in flame zone

Test Fire 380-4-63(82, 274)

Maximum Temperature

>1430° C (>2600° F)
>700°C (>1300° F) for 16 min

1065° C (1950° F)
>480° C (>900° F) for 1 hr

Thermocouple Locations

recorded 15 ft above fuel bed

recorded at middle and top of fuel bed

Test Fire 380-6-63(82)

Inafiredesignatedas 380-6-63, the temperature profile at three
points with respect to time were as follows:

Maximum Temperature

140°C (~290° F)
>65°C (>150° F) for 52 min

80°C (~170° F)
>30°C (>85° F) for 70 min

43°C (~110° F)

Thermocouple Locations

recorded at a distance of 6 ft from the fire
recorded at a distance of 53 ft from the fire

recorded at a distance of 200 ft from the
fire




Los Angeles School Burns(195, 196)

Several tests were conducted with 1400 1b of pallets as fuel
burned in various areas of a large school building. High temperatures were
reached throughout the test fire, and éxtinguishment was initiated either man-
ually or by automatic sprinklers at or before 20 minutes. High temperatures
reached on the average were well above 540°°C (1000° F) and in many cases
above 700° or 760°C (1300° or 1400°F). Some went above 816°C (1500° F).
These maximums were reached at approximately 10 min after ignition with

temperatures above half the maximum value for 12to 14 minutes..

A second series of tests was conducted with varying'amounts of
fuel such as paper, rags, and wood. The fuel was ignited and allowed to burn
free for varying periods of time until extinguishment was initiated manually.
Maximum temperatures of 816°C (1500° F) or higher were. common with wood
cribs (200 to 350 1b) burned in areas of combustible interior finish. These
‘high/temperatures were reached within 2 min of ignition and continued well
above 540°C (1000° F) for the duration of the test - 10 to 15 minutes.

St. Lawrence Burns(31 1)

Six abandoned dwellings, three with relatively incombustible
linings and three with rélatively combustible linings, wereburned with wood
cribs as simulated furnishings.

Maximum Temperature ) Remarks

>955°C (>1750° F) recorded in hous :s with combustible linings
>470°C (>875° F) for 26 min
until TCPL failure

>955°C (>1750° F) recorded in houses with (relatively) incom-

>470°C (>875° F) for 18 min bustible linings
until TCPL failure

a. Other Experiences

In a U,S. Forest Service Research Note('274), C. W,
Philpot concludes that temperatures in a mass fire may be in excess of 1455°C
(2650°F). This is supported by Broido and McMasters(37); however, it should
be noted that both these maximums were recorded on thermocouples that
failed, As a result of these failures, the maximum températures reached
were not recorded in those fires. A portion of Philpot's conclusions con-
cerning the maximum recorded temperatures reads as follows:

"Temperatures of 2650°F were recorded by bare thermo-
couples in and above the flame zone on a large field test
fire. Even higher temperatures are probable, judging from
such evidence as the melting of steel and chromel wire and
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the light yellow~otrange areas of flame appearing in ce rtain

areas of the fire., This means that the 1500°F measured

l" by Bruce, Pong, and Fons (1959), the 1800°F predicted by
Byram (Davis 1959), the 1500°F reported by Lindenmuth
and Byram (1948), and 2000°F predicted by Vehrencamp

l (1956) are low for mass fire situitions. These values relaté
to much lighter fuel loadings than in the present study.
Our readings are more in agreement with the 2600°F

X recorded by Broido and McMasters (1960). Therefore, it

may be necessary to use values of 2600°F or higher when

trying to describe the thermodynamics of large fires,"

In Refererice (350), police engineers in Hamburg estimated
that temperatures within the firestorm area went as high as 800°C (1472°F).
Leutz, who was in Hamburg at the time of this. fire, estimates that the tempera-
ture of the firestorm was 'as high as 1400°C (2552°F) (see Fig. 2). It is not
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FIGURE 2. TIME-TEMPERATURE HISTORY OF HAMBURG FIRE
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known just where these temperatures were estimated to have.beenencountered.
However, Leutz states that "It cani bé assumed, from both the experiences

of World War II and fire experts, that a temperature of from 300° to 400°C
exists for a period of about five or six hours on a shelter roof slab''(182) (see
Fig. 3). Thus,it appears that Leutz is making reféerence to the lower
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FIGURE 3., TEMPERATURES OF THE FLAME AND EXPOSED
FACE OF SHELTER CEILING SLAB

temperatures to be expected out in the open as opposed to temperatures within
burning buildings or directly within the fire area.

b. Summary

Temperatures well in excess of 1090°C (2000°F). can be
expectéd within, immediately above, and downwind of well-involved burning
structures, Maximum temperatures in natural free-burning fires have yet
to be recordéd; however, théy are expected to be around 1650°C (3000° F) in
those fires which bufh ihtensely with a high rate of fuel consumption. Tem-
pératures drop off rapidly with distance from a burning structure particularly
on the upwind side and remain at their maximums only for short periods,

Fuelthatis free standing burns faster and hotter because of its
frec access to oxygén, Fuelthathas fallen andbeen piled with rubble will reach
its temperature peak much later and burn longer. In the El Cerrito birn,
the rubble was probed with instruments at intervals for one day following
ignition, and températures as high as 1030°C (1890° F) were recorded 21 hr
after ignition. The average temperature reading after fifteen measurements
taken throughout the 21-hr period was approximately 315°C (600°F),
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2. Thermal-Radiant Energy

Heat from a fire occurs in three forms of energy: convective,
radiant, and conductive. The radiant energy received at any point around
the fire is a function of the temperature of ithe fire, its emissivity and the.
distance from it. Considering that temperatures in burning buiidings fre-
quently reach 1090°C (2000° F) and sometimes 1315°C {2400° F).or higher,

radiant energies reach levels which are significant to the mass fire life
hazard.

In general, the intensity of radiation, I, emitted firom a hot body
is related to its absolute temperature, T, according te the law

I=FEoT4 (1)
where

E is emissivity, less than or equal to unity
0 is the Stefan-Boltzmann constant
T is the absolute temperature

The emissivity of a surface has a maximum value of unity, and
3 small opening in the wall of a uniformly heated enclosure having opaque
walls tends to be blackbody radiation. Calculations indicate that most flames
greater than 15 in. in depth will have an emissivity value approaching unity.
With this information and the temperature ranges previously discussed, the

ranges of radiant enérgy which may be emitted within a mass fire environ-
ment can be predicted.

The radiation falling on any surface is inversely proportional
to the square -of the distance between it and the emitting source if the emitting
source is a point source. If the source of energy is not a point but an extended
area (or volume), then.this simple law does not hold and the intensity received
at any point depends on-the shape and orientation of the radiator with respect

to the receiver. A procedure for determining radiation levels has been estab-
hshedby Law('1§76), gnd McGuire(213' 214).

Thermal radiation is considered by many(sz’ 75,366) 45 the
most important source of fire spread within urban areas. There is no ques-
tion that thermal energies strong enough to ignite exposed structures can be
generated from considerable distances by burning structures. A recent U. S.
Forest Service burn of simulated one-story, two<bedroom frame houses

created thermal radiant energies of a.%)proximately 0.5 cal/cmz-sec at dis-
tances of 100 ft from thefire's edge. {346)




Spontaneous ignition of wood requires intensities of 0.8 cal/cmé-
sec, and pilot ignition requires approximately C.4 cal/ cm2-sec. Spontaneous
ignition usually occurs within 2 min after ekposure or not at all, but the time
for pilot ignition in the open can be longer, and near the threshold level of
radiation, heating times of the order of 10 min are needed before ignition can
take place. (17

Two levels of peak radiation intensity are.proposed by 'Law(176),
one severe and the other moderate. The temperature of the fire depends on
the rate of burning, andfires are considered as divided int6 two types: (1) those
in which the ventilation is restricted and the rate of burning depeids on the
size of the window; and {2) those in which the window area is comparable to
the floor area and the rate of burning depends on the fire load, its surface
area and arrangement, and mot on the window area.

The first type of fire may be said to be ventilation controlled
and the second type fuel controlled. The ventilation controlled fires tend to
‘have a limiting value -of less than 1100°C (2000° F) which corresponds to a
theoretical maximum radiating level of 4 cal/cm2-sec. Each of these two
types of fires is considered under severe conditions {i.e., maximum heat
release) and under moderate conditioris which are defined as a fire load of
less than 5 lb/ftz. As previously mentioned, the severe case in éach type of
fire tends to an upper limit of 4 cal/cm?-sec, and the moderate case, as
mentioned, corresponids to a radiation intensity of 2 cal/ cmé-sec.

In the more severe cases where room temperatures reach 1370°C
(2500° F) or higher, the radiant intensities can increase to 10 cal/cng":-—sec.
The theoretical radiation intensity of a blackbody at 1650°C (3000° F) approaches
20 cal/cm2-sec.

The highest radiation level recorded during the St, Lawrence
B\;rns(z’u) was 1.25 ca.l/cmz-se,c at a distance of 15 ft from the burning
structure. The U. S. Forest Service has recorded radiation intensities of
0. 2 cal/cm2-sec at distances of 90 ft from the burning fuell 82), Levels as
high as 0.6 cal/cmé-sec were recorded in another fire at a distance of 100 ft
from the burning fuel, {346)

T.o-date, little experimental work has been accomplished to
better défine the radiant energies to be expected at varying distances from
burning structures.

Since the radiation intensity is directly proportional, at any one
point, to the fourth power of the absolute temperatures [see Eq. (1)], the
radiation will increase very quickly to its peak with the fire and fall off
quickly as the fire-dies. Of.all three modes of heat transfer, radiation has
the shortest response time.
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3. Conductive Heat

In any mass fire situation, there will be rubble and debris, and
this may result in one of two ways. Structures may first be levelled by forces
such as earthquakes, overpressures resulting from high explosive bombs, or
even thermonuclear weapons. Ignition frequently follows, and the rubble con-
tinues to burn. Under other circumstances, structures may be ignited while
standing free and then collapse as a result of weakening by the fire.

Experience in Germany indicates that there was a considerable
amount of hot debris from both causes throughout Hamburg, Dresden, and
other cities. In many cases, the shelters covered by burning-smoldering
debris could not be entered for days and sometimes even weeks after the
raids. (350) The degree of heat and the length of time it existed in these
debris piles is unknown,

4, :Carbon Monoxide

Carbon monoxide is one of the oldest known poisons. Car-
bon monoxide is a product of both thermal decomposition and the combustion
of carbonaceous matter and has long been recognized as a hazard to life. The
amount of carbon moaoxide produced in a fire is variable and depends on the
chemical composition of the fuel, amount of oxygen present, the temperature
in and around the combustion zone and the time factor.{(99, 100)

As with most toxic gases, carbon monoxide has been considered
as an industrial poison. Only in very recent years has attention been given:
to toxic gases developing during fires. Because of its relatively high toxicity,
it has been monitored in many of the experimental burns, and concentrations
of varying degree have been reported.

The ensuing discussion of carbon monoxide and the percentages
which can be expected within a mass fire can perhaps best be presented by
separating the experimental work to date into two categories: (1) that work
which has been done with experimental fires and the monitoring of carbon
monoxide directly above or adjacent to the burning fuel or even in the same
structure, and (2) that work which has been done with monitoring of carbon
monoxide outside of burning structures or at relatively greater distances from
the burning fuel. Some experiments of this type are reviewed in detail in this
section.

As in the previous section on heat, the data on carbon monoxide

will be discussed in ranges rather than precise concentrations at specific

moments at a particular location.
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a. Carbon Monoxide Monitored within Burning Structures

and Directly Above or Adjacent to Burning Fuel

(1) Kingman, et al.

An interesting series of tests was conducted by
Kingman, et al.(169), in which oxygen (O2), carbon dioxide (CO2) and carbon
monoxide (CO) concentrations were monitored on the second floor of two
houses which were both fitted out with simulated furniture and ignited on the
first floor. O:ue house had an interior finish of fiber insulating board and the
other had plasterboard lining. The results of these tests are presented in

Table 3 and plotted in Figure 4.

TABLE 3. ANALYSIS OF THE ATMOSPHERE IN BURNING HOUSES

Test 1: Fibre Insulating Board*

Time, Gas Composition, % (vol)

min Oz CO, CO
Room 1: door closed

0 20.8 . nil nil

3 20.8 nil nil

6 15.6 0.4 0.9

9 15.6 1.5 0.7

12 - 1.8 16.7 1.3

15 0.8 0.8 10.4

Room 2: door open

0 20,5 0.4 nil

3 19.9 0.7 0.3

6 3.6 12. 4 0.5

9 0.5 17.8 1.4

12 1.6 17.8 19.8

15 0.3 17.3 12.3

18 0.3 9.2 16.7

Test 2: Plasterboard Lining*

Time,
min

Gas Composition, % {vol)

O,

Room 1: door closed

0
3
6
12
15
18
24
27
35

Room 2: door open

‘0
3

6
12
15
18
21
24
.30
35

20.8
20.4
20.1
20.3
20.2
19.4
15.6
15.4

0.4

20.:6
19.2
18.5

17.2

16.6

¥In both tests, rooms 1 and 2 are on the second floor..
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FIGURE 4. VARIATIONS OF OXYGEN AND CARBON MONOXIDE IN FIRES

In House No. 1, the carbon monoxide concentrations
went from 0.5 percent at 6 min to well over 10 percent at 15 minutes. The
average recorded percentage over the 18-min recording period in Room No. 2
was above 7 percent.

In House No. 2, the carbon monoxide concentrations
reached 0.5 percent at 3 to 6. min and varied between there and 3.8 percent
for the 30-min test duration for an average of 0. 85 percent. Note the fact
that there is very little difference in the concentrations in the open and closed
rooms in the second test compared to the differences in the first.

(2) Forest Products La.boratory(46)

In a series of six burn-out tests conducted by the
Forest Products Laboratory reported by Bruce(46),various room interior finish
materials were tested. The room measured 8 ft X 12 ft and simulated furni-
ture (sweetgum lumber, burlap, wood shavings, etc.) was used. Carbon
monexide concentrations were monitored in three of the six tests (see
Table 4).




TABLE 4., ANALYSIS OF THE ATMOSPHERE IN BURNING ROOMS

% CO by Volume
Time, Test 1 - Fibre Insulation Test 2 - Fibre Insulation Test 3 - Gypsum

min Board (Unfinished) - Board(Finished) Wallboard
2 0 0 0 ‘,
4 0 0 0
6 0.1 0 0
8 0. 4.5 0.6 ‘
10 0 13.2 0.4
12 0.2 0.7 1.7
14 0.7 - 1.0
15 1.4 - -
16 0.4 - -

(Because of different sampling times, some of the above values were inter-
polated for comparison and used in this report.)

More recent tests performed by the Forest Products
Laboratory are reported by Schaffer and Eickner(307) and reflect the results
of three experimental fires conducted in a corridor with three different wall
linings (see Table 5).

TABLE 5. ANALYSIS OF THE ATMOSPHERE IN A BURNING CORRIDOR

% CO by Volume

Test 1 - White Pine

Wainscot up to 3 ft, Test 2 - Prefinished

Time, Flat Painted Plaster Wood-Grained Hard- Test 3 - Red Oak
min Walls Aboyve ‘board on Walls on Walls
1:30 - = 0.1
3:15 - 0.15 -
4:40 - - 0.5
6:15 0.3 - -
6:30 - 4.5 -
8:15 - 7.0 -
10:00 - 10.0+ -
13:00 0.3 - -
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Broido and McMasters(37)

A number of experimental building fires has been

reported by Broido and McMasters, and these are summarized as follows:

Richmond Test No. 1 - A two-story, four-apartment
‘building measuring 50 ft X 28 ft, with stucco exterior,
sheetrock interior, oak floors, and scrap lumber
simulated furnishings (see Table 6).

TABLE 6, ANALYSIS OF GAS SAMPLES

Time, min % CO by Volume

13
19
34
44
113
197

O O OO
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Richmond Test No. 2 - This test was conducted on

a single-story wood house measuring 50 ft X 22 feet.
Carbon monoxide levels reached a momentary (1 or
2 min) high of 1.0 percent during the test at 35 min
and immediately fell:to its previously apparent level
of less than 0.2 percent.

Los Angeles Test No. 1 - This test was conducted
using 2 X 4 mill ends scattered to a depth of about

2 ft in a single room of an abandoned school. Car-
bon monoxide levels rose gradually to a high of

0.5 percent at the end of the 17-min test. This fire
was extinguished before fuel became involved at
floor level..

Los Angeles Test No. 2 - A single room-of an
abandoned school was loaded with lath and pallets
and allowed to burn for less than 12 min before
manually extinguished. Carbon monoxide levels
‘began to rise rapidly at 4 min and went off the
2-percent scale at 6 minutes.

Briones Burn - Windrows of trees and brush were
burned over an ll-acre plot, and carbon monoxide

NY‘
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concentrations were recorded 3 ft inside the edge
and 5 ft outside the edge of one of the windrows. At
a point 3 ft inside the windrow, levels greater than
2 percent at 3 min caused failure of the detection
equipment. At a point 5 ft outside the windrow,
levels above 2 percent were recorded for a brief
5-min period after which levels dropped to less
than 0. I percent for the remainder of the burn.

Camp Parks Burn - Approximately 250 tons of scrap
lumber and poles were distributed in piles measuring
20 ft X 15 ft, 7 ft high aiid spaced over a 4-acre plot.
Gases were sampled in a rubble fire wood pile, a pile
containing rubble, and midway between two piles.

A shelter within the burn area was also monitored.
Concentrations recorded in the rubble pile rose to

5 percent or higher (7 percent) for approximately

3 hr and only fell back to 0.04 percent when the
rubble pile fell below the intake level of the vent.
Carbon monoxide levels recorded in the rubble fire
pile rose to 1.5 percent at 6 min and then fell to
levels of 0. 11 percent at 1.8 min and 0. 16 percent at
33 minutes. :

(4) St. Lawrence ‘Burns( 311)

Six abandoned dwellings, three with combustible
linings and three with relatively noncombustible linings, were burned with
wood cribs as simulated furnishings. The instrumentation used was not
capable of measuring beyond 1.5-percent carbon monoxide; however, these
maximums were recorded as early as 2-1/2 min in structures lined with
combustibles. Ievels of 1.1 percent were recorded at 5 min in structures
with relatively noncombustible linings.

b. Carbon- Monoxide Monitored Outside of Burning Structures
or at Relatively Greater Distances from the Burning Fuel

{1) U. S: Forest Service Burns(82, 274)

These burns have been conducted on a larger and
more fully instrumented scale than any others to date.

One suchfire, designated as Plot 760-2, covered
4-1/2 acres and contained thirty-six piles of 20 tons each of pinion pine and
juniper, weach pile 47 ft square and 7 to 10.ft high. Carbon monoxide con-
centrations were meéasured at a 20-ft height over one of the central piles and
measured a level of approximately 1 percent for a period of 9 min, gradually

.dropping to 0.5 percent over the next 16 minutes.

28

W ——

R NEEs Suls e




W vm—m—

.

Concentrations in two other plots are also reported.
In test fire 380-2-63, levels of carbon monoxide as measured 12 in. above
the ground exceeded 2 percent for approximately 5 min and then fell to a level
below 0.5 percent for the remainder of the test. In test fire 760-1-64, levels
measured at a height of .20 ft never rose above 0: 2 percent.

(2) Camp Parks Burn(37)

In this burn, carbon monoxide was monitored at a
point between two burning piles approximately 9 ft from each one. The
reported carbon monoxide levels never exceeded 0.08 percent.

c. Summary

Experimental work to date indicates that extremely high
(relative to toxicity values) levels of carbon monoxide may be formed in the
immediate area of burning material. However, these high concentrations
last only for a short period of time. Inopenfires, themaximum carbon monox=
ide levels and the time span during which the levels are above any particular
concentration both decrease rapidly with increasing distance from the burning
fuel. In opén fires, the highest level recorded at horizontal distances of 9 ft
or greater has been 0. 08 percent.

In closed fires, the levels are higher and last longer. No
specific values. can be attached to the levels of carbon monoxide to be expected;
however, it has been shown that levels well above the survivable limits have
been recorded in the enclosed experimental fires.

As a part of analyzing the important parameters in a fire,
a variety of interior finish building materials was monitored for their pro-
duction of combustion products during the standard ASTM E-84 tunnel test.
This test and the method of gas analysis used is fully explained in Section VII.
Approximately 150 materials were burned and the gases analyzed for their
carbon monoxide content. In addition to the momentary fnaximumsproduced,
the total production of carbon monoxide during the carefully controlled test
was also monitored. The results indicate an extremely wide variance, with
some materials producing as much as 6, 7, 8, and 16 percent carbon monox-
ide in the combustion product stream. These results indicate the high con-
centrations of carbon monoxide that might exist within a structure where there
is a fire.

In terms of the mass fire life hazard, these results indi-
cate the importance of protecting against the influx of fire gases in those
areas where shelters are within a building and close to combustibles. To date,
the existence of a serious hazard of carbon monoxide in the open has not ‘been
shown either theoretically or experimentally.

o
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5. Anoxia as a Factor

Oxygen is necessary for the process of combustion, and; as such,
it is consumed in the process. Several experimenters have monitored the
atmosphere in and around test fires in order to determine the oxygen content
of that atmosphere.

Tests performed by the Forest Products Laboratory and reported

by Bruce(46) show oxygen concentrations in one fire reduced to 0. 8 percent
and below 10 percent for approximately 5 minutes. In two other fires, the
oxygen content never fell below 12 percent. More recent work by the Forest
Products Laboratory reported by Schaffer and Eickner(307 reflects a reduc-
tion of oxygen in one test to 4.4 percent.

Work by Kingman, et al.(169), as reported earlier in Table 3,
shows reduction of oxygen in one test to 0.2 percent and in the other to 0.3
percent. No complete time factor is given.

In a series of tests reported by Broido and McMasterst37),
oxygen concentrations within burning buildings reached a low of 5 percent
and stayed below 10 percent for a period of approximately 10 min in one test.
In another test, thelevels reached a low of less than 2 percent and stayed
below 10 percent for a period of approximately 10 minutes. Oxygen concen-
trations measured 9 ft from the nearest fuel in the center of a large burn did
not fall below 20 percent, while, during the same burn, concentrations mea-
sured inside a burning fuel-rubble pile fell below 2 percent for a short period
and stayed below 10 percent for nearly 4 hr until the rubble fell below the
intake level of the sampling vent.

Countryman( 82) has indicated the oxygen drop recorded in two
test fires. The lowest level reached was 5 percent (below 10 percent for
approximately 5 min) in test fire 380-3-63. In the other, test fire 760-1-64,
levels never dropped below 14 percent.

During the St. Lawrence Burns( 3:11), the oxygen concentrations
were reduced to levels of:6.5, 6.0, 9.4, 6.6, 8.9, and 2.7 percent. Unfor-
tunately, no time durations were recorded.

In. summary, experimental work to date has shown that oxygén
concentrations in and immediately around burning structures can drop to
levels very near zero; however, these levels have remained: low only for
short periods of time. In addition, these low levels could not:be found at

e S

-
Lo P

distances of 5 {t, 9 ft, and 25 ft from burning fuel. Oxygen within smoldering
rubble piles has béen shown to drop below 2 percent and stay below 10 percent.
for 4 hours. Tests conducted by SwRI indicate that oxygen concertrations in
the combustion stream, during the burning of interior finish building materials,
can easily drop to near zero for periods of 5 min or longer. Some materials
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were found to drop the oxygen levels to as low as 2 percent. Oxygen levels,
therefore, are a serious matter for persons caught in a burning building, but
they do not appear to be a factor for those caught in the open.

6. Other Toxic Gases

The pyrolysis of materials in a mass fire can be expected to
release a wide range of gases ranging from irritants to anesthetics, to nerve
gases, and others of a highly toxic nature, (385) Table 7 is presented only to
illustrate the complexity of combustion gases. This table should be viewed
with care as all the materials were not burned under the same conditions.(76)

A survey conducted by Underwriters' Laboratories(95) bears
witness to the complexity of defining the toxic gases produced from certain
building materials. The toxic gas concentrations reported by the many
authors who have investigated this problem were measured at or very near
the burning fuel, and, as a result, extrapolation to the mass fire environment
is at least very difficult if at all possible. Review of the literature and reports
available indicate that no theoretical or experimental work has been accom-
plished in defining the toxic gases to be expected in a mass fire environment.

Easton reports that in some cases the majot injuries resulting
from the inhalation of smoke may be caused by toxic constituents other than
carbon monoxide. He lists these various constituents as: carbon dioxide,
methane, acetic acid, formic acid, methyl alcohol, tar, and other products
simply referred to as including hydrogen, acetone, formaldehyde, hydro-
carbons, organic acids, alcohols, aldehydes, esters, ketones, and phenol
derivatives.(9% 100)

Table 8 (shown on page 33) as prepared by Martin presents the
main volatile products produced from the low-rate pyrolysis of cellulosic
materials in relation to temperature.

The NFPA Fire Gas Research Report(243) points up the presence

and toxicity of nitrogen oxides in a fire, plus chlorine, sulfur dioxide; cya-

nides, and carbon disulfide. No experimental data are presented.

In 1953, Bruce reported on experimental work conducted by the
Forest Products Laboratories(46) in which the concentration of unsaturated
hydrocarbons, saturated hydrocarbons (calculated as methane), and hydrogen
were monitored. In 1959, Coleman presented a review of the published results
of work on the problem of gaseous combustion products from plastics.

The results. of these investigations point up the many toxic gases
to be found in the combustion products produced by burning various materials.
Any attempt to-draw cornclusions from this work as regards the mass fire
environment would simply be conjecture. The problem of toxic gases has
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Method " Carbon” Catrbon
of Oxygen Dioxide Monoxide  Chlorine
Investigator ‘Material Testing (O2) (CO2) (CO) (Cl2).
F. D. Snell Melamine resin, ‘Heated in a cur-
paper, or wool rent of air and
i products passed Not analysed :
over rats in )
cages 3
J. C. Olsen Wood 5 1b burned in 9.8 6.2 6.2 - iy
110 £t3 air ;
Rubber Insulation on 6.6-13.4 6.6-13.6  3,4-7.6 - it
cable in 5-liter :
flask ¢
Wool Heated in silica 6.6-14.2 4.6-9.2 0.5-5.0 - @}
tube with a cur- P
Silk rent of air 4.0-8.0 8.0-12.6 3.0-4.4 - ;
F. E. T: Kingman, Timber and fibre Burning house 19.9 0.7 0.3 - ot
et al. insulating :
board 1.6 17. 8 19.8 - i3
0.3 9.2 16.7 - ‘
E. H. Coleman Chlorinated 0.5 g at 550°C in  n.d. 2.6 2.2 0.0 ‘ﬁ1
and methacrylate 5 liters air ,
C. H. Thomas resin 27% .
chlorine N
Polyvinyl 0,25 g at 550°C n. d. 2.1 1.1 0.0 r
chloride 57% in 5 liters air K
chlorine
Polyvinyl 0.5 g at 550°C n.d. 2.0 0.4 n.d, N
chloride fabric in 5 liters air
A. Schriesheim Plywood Heated at 550°C 2.8 17.1 3.6 -
in 5 liters air :
Plywood P.V,C. Heated at 550°C 2.1 17.1 5.1 - ‘
and flame- in 5 liters air ;
retardant paint :
Plywood with Heated at 550°C 2.6 14,7 13.2 - o
! polyester resin in 5 liters air :
‘ and flame-
retardant paint
P.V.C. coating  Heated at 550°C 0.3 10.1 5.8 -
only in 5 liters air
Vinylidene Hcated at 550°C 17.0 0.4 - -
coating only in 5 liters air
H. A. Watson Foamed 2-3 g heated 20.7 0.16-0.35 '0.023-0.040 0.0
polyvinyl electrically,
’ chloride in 270 litersair
. Foamed 19.3 1,26-1,31 0.04i 0.0
3 acrylonitrile)
L. B. Berger Phenolic resin As above n.d. n.d. 0.017-0.046 -
' with fillers
Melamine resin n.d n.d. 0.012-0,075 -

v
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with fillers

Source: See Ref. (76)




Analyses (% volume) |

Hydrogen

Carbonyl Hydrogen Hydrogen Nitrous
re Chloride Chloride Cyanide Ammonia Sulphide Fumes as
_ __(HC (CoCl1z) (HCN) (NH3) (Hz8) NO2 Notes
Demonstration that
shows toxicity was
due to carbon
monoxide and not
hydrogen cyanide,
3’? - - - - 0.1 - 10% of hydrocaribons.
%]» - - 1.3-2.5 1.3-2.6 0.02-0.40 -
- . 2.2-6.8 3.1-3.6 - -
- - - - - - 3 min from
g start.
? : - - - - - - 1.9% hydrogen
’, 12 min from start
- - - - - - 47% hydrogen 18
min from start.
{0 0.6 0.0005 - - - -
o 1.8 0.0005 - - - -
i 2.9 n.d. - - - -
- - - - - - 3.4% hydrocarbons.
. 3.1 - - - - -
2 )
0 3.8 - - - - -
; 4.7 - - - - -
1.1 - - - - -
0.005-0.023 0.0 0.001-0.003 0.002-0,003 - 0.001-0.002) Tests made-to
examine effects
F of blowing
0.002 0.0 0.002 0.002 - 0.002 agents
o
H - 0.0-0.003 0.002-0,110 - . Y Carbon monoxide
was highest with
- - 0.002-0.25 0.006-0.180 - - > fillers such as
. wood meal and
J cotton
32
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TABLE 8. LOW-RATE PYROLYSIS OF CELLULOSIC MATERIALS

Temperature, °C Process Main Volatile Products
<200 (<392°F) Dehydration Water vapor

200 to 280 Endothermic "dry" Carbon dioxide, water vapor and
(392° to 536°F) pyrolysis acetic acid

280 to 500 Endothermic Carbon monoxide, hydrogen,

(536% to 932° F) pyrolysis to char methane, carbon dioxide, acetic

acid, formic acid, ethanol, acet-
aldehyde, acetone, diacetyl,
methylethyl ketone, ethylacetate
and tars

>500 (>932° F) Gasification and Hydrogen and carbon monoxide
char

Source: See Reference 200

long been recognized; however, the work to date has been very limited and
narrow in scope.

The only general conclusion that may be drawn is the possibility
of significant quantities of particular gases in those areas where large
amounts of a particular combustible may be burning. For example, the
burning of a large rubber warehouse might produce large quantities of hydro-
gen sulfide and sulfur dioxide; a burning wool mill might produce hydrogen
cyanide; and a plant producing chlorinated products might produce chlorine
gases while burning. But here again, there is no evidence to indicate that
these gases would be suificiently concentrated over an area in the open to
constitute a life hazard.

7. Smoke Production

In addition to the presence of carbon monoxide, carbon dioxide,
heat, high winds and’ an endless variety of toxic gases, there will be smoke
which is a factor that must be considered. Smoke is here defined as any
solid particulate matter in the air as opposed to gases or vapors that may
also be present. Review of the work accomplished to date on smoke indicates
that the effort has been -extended primarily ifi defining the density of smoke
as it applies to.visual obscuration within buildin"gs. This has been accom-
plished to date by two methods. The first method measures the degree of

light abserbed beiween. a light ~s,§urce.*3,nd receiver (photocell) and reports

the results as percentage of Iig}it‘ reduction..or absorption.
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where

2
n

light obscuration expressed as a percentage

= incident light intensity

—t
o
|

transmitted light after passing through a path length x

The quantities I and I, are measured directly by the smoke
meter,and, hence, the percenta.ge obscuratzon for a given thickness of smoke
may be measured. This method is not directly proportional to the thickness
of the smoke zone.

The second method which measures optical density and is d1rect1y
proportional to the thickness of the smoke zone is expressed as

Dy = log)g Io/Ix {3)
where

Dy = optical density of the smoke
thus

i

100
Px = log1g ["o"‘?;] (4

From this definition of optical density, it may be deduced that for a uniform
medium of path length, nx,

Dnx = n log, Io/14 = nDy (5)
the optical density is directly proportional to the path traversed by the light,

and the value for any {Jath length can readily be obtained from the optical
density per unit path.

Tests conuucted b{ the Division of Building Research, National
Research Council of Canadal3 ) showed that visibility on the second floor of
a building which was ignited on the first floor was reduced to 4 ft within 1.5
to 2.4 min in an open room and within 3.4 to 5.7 min in a closed room.
Visibility in the basement was not reduced to the 4-ft criteria until 10.7 to
17.6 minutes. The 4-ft visibility here means the distance at which the holder
of a fireman's hand lamp can perceive objects by the light they reflect.

¥

In tests conducted by Kingman, et al.(169), the smoke concentra-
tions measured reduced light transmission 95 percent within 6 to 8 min in




one test and 10 to 24 min in another. In tests reported by Schaffer and
Eickner(307), transmission was reduced 95 percent within 4 to 6 ininutes. :

A survey by Yuill and Bieberdorfl385) revealed the different
methods used by the Fire Research Organization in England, the Los Angeles
Fire Department, and Underwriters' Laboratories. In addition, the National
Bureau of Standards is presently working on development of a method, (131

The one single method which has seen the most use is that
used in conjunction withthe ASTM E -84 tunnel test. Results from this test
are related to the smoke output srom red oak flooring and asbestos-cement
board as 100 and zero, respectively. Results indicate the ability of many
materials to produce copious quantities of dense smoke within seconds and
yet others show up quite smoke free,

In summary, smoke is perhaps the least defined aspect of mass
fires. This is not to say that there has been a lack of interest in smoke; on
the contrary, there has been considerable interest, However, most of it has
been directed toward measurement of the light obscuration. A recent report
by Underwriters' Laboratories(32) and development of still another method -7Qf
smoke measurement (light obscuration) by the National Bureau of Standards(w’l)
is evidence of this continuing interest. Papers on these and other aspects of
the smoke problem were presented at a symposium on smoke held during the
ASTM Annual Meeting in June 1966,

Other factors such as the psychological fear, the panic and the
health hazard created by smoke have been well recognized. However, review
of the literature indicates that little if any definitive work has been done
regarding the hazards of smoke as.an asphyxiant, irritant, lachrymator, or
possible cause of chemical tracheitis.

8. Winds and Firewhirls

Wind has undoubtedly been recognized as a strong factor in the
initial buildup, rate of burning, and spread of fires.(375) 1t plays a major
role ih the spread of wildland fires and influences the -spread of uirban fires
as well. It has the ability to supply fresh air and quantities of oxygen to-a
fire and can drive the fire toward fresh fuel. Wind also aids in the spreading
of fire by carrying firebrands far ahead of the main burning area. One
investigator has associated wind speed profiles with fire behavior and devel-
oped an equation rating strength of the wind field and energy release of a fire
to the development of convection columns, {

Review of the literature on past fires relates many subjective
accounts of high winds encountered within and immediately arond large fires.
Winds of 70 mph were reported in Dzrmstadt(354) during a mass fire. In
Tokyo during the 10 March 1945 firestorm, winds are reported to have risen
from 25 mph to 70 mph.(355) At a distance of 1.5 miles from Hamburg and P
4 miles from the core area of the firestorm, winds increased from 11.2 to
33.6 mph.(ml) be




At the main fire statioii in Hamburg, whkich was located 0. 3 miles
from thé edge of the firestorm, it was reported to bave taken ten men to force
opsn a garage gate against the violent windstorm. (101)

Wind sgeeds within the Tokvo fire of 1923 were estimated in
excess of 150 mph.( 9 During the foréct fire in 1910 which burned over
3,000, 000 acres in northeastern Washington, northern Idaho and western
Montana, the speed of the wind and fire are ndted as having reached 70 mph.(320)

In any discussion of winds within a mags fire area, firewhirls
must be ¢onsideted. It is possible that many of the subjective accounts given
may be a result of local whirlwind conditions. The report of 150 -mph winds
in the Tokyo fire nf 1923 certainly appeats to be such a report. There is
fréquent reference in Busch's account of a tornado like wind which speaks
strongly of a firewhirl.(59) Hans Brunswig of the Hamburg Fire Department
reported-that winds of 112 mph occurred in.the narrow canyons of the streets
and that wind velocities resembled those found iin a hurricane without showing
the typical cyclonic behavior.{(101) The U. S. Strategic Bombing Survey
reports that for an unspecified time winds in Hainburg '....prior to attacks
were never over 2or 3mph. which is;practically still air. '!(3515 However, *dur.ing
the fire, theinrushingair was reported tohave reached gale proportions.(352)"

‘Simulated rnass fires conducted ty the U. S. Forest Service
have been instruménted to indicate the internal wind velocities. The highest
recorded to date was 52 mph in test fire 760-2'(a 5-acre burn}, and this wind:
speed was recorded until the sensor failed. (274} During this same fire, wind
speed, measured at a distance of 100 it from the edge increased from 2 mph

to 8 mph (at the 20-ft elevation) at 1Z min .and then settled to approximately
6 mph for the next 48 niinutes. In test fire 460-14 (a 40-acre burn), the wind

fire and .are described by Evans and Tracy. |

speed measured iOQ ft from the edge increased from 3 mph to 12 mph (at the
20-1it elevation) at 12 min and then settled to 9 .to 10 mph for the next 48 min-
qtes‘(274) Several firewhirls occurred durin% and immediately following this

106) These firewhirls were seen
for several hours following the fire. Photosof two firewhirls were taken and
are shcwn in Figure 5.

In a study of large urban conflagrations by Chandler, et al,(68),
wind speeds at various times during the mass fires are reported. The highest
wind speed of 38 mph is reported in Bandon, Oregon, and this is clearly due
to the natural wind speed and not the fire. Wind speeds during the Sah Fran-
cisco fire of 1906 are reported as varying from 20 mph to a low of 5 mph and
then back up to 26 mph. Wind speeds during the Great Chicago Fire are
reported as varying from 4 to 7 mph; however, other accounts describe the
wind speeds as a ''gale' and offer descriptions of its violence and the diffi-
culty in walking.(214) o

In addition-to these accounts. which may be difficult to: ascribe to
a particular phenomencn surrounding a large fire, there are many accounts
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FIGURE 5. FIREWHIRLS DURING U. S. FOREST SERVICE
EXPERIMENTAL BURN 460-14

which are clearly labeled as firewhirls. Hissong reports that hundreds of
firewhirls occurred during an oil fire in California in 1926(153) which covered
900 acres. One firewhirl picked up a cottage and carried it 150 ft before
dropping it in a field. Byram(61-64) concluded that some firewhirls appeared
to cover an area of about 10 acres. Graham reports on witnessing a firewhirl
that twisted and broke off a Douglas fir tree (40 in. in diameéter at breast
height)ata point 20 ft above the ground.{127) In another repprt()lzfs)’, he
describes twenty-eight whirlwinds that oc¢urred in the Pacific Northwest.
‘Some of these whirls are cited as having a diameter of 1200 ft anda —}xéig"ht of
4000 feet. The intensity of firewhirls is stated as varying '"from that of a dust
devil to a whirlwind that pitchés logs about and snaps off large tfees. Veloci-
ties in the vortex are extremely high, and, as in other forms of whirlwinds,
the greatest speed occurs near the center.' Byram and Martin report that,

“"These whirls, or 'fire devils' as they are sometimes -called, range in size

from small twisters a foot or two in diameter up to violent whirls equal to

-small tornadoes in size and intensity. n(64) Laboratory studies on-firewhirls

At the Southern Forest Fire Laboratory in Macon, Georgia, indicate that there
""...is a sudden threefold increase'’ in the burning rate of the fuel used in the

firewhirl expériment as the firewhirl occurs.
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Countryznan(s-z) reports that firewhirls up to a quarter of a mile
in diaméter have been observed and that a large firewhirl that developed ina
fire near Santa Barbara, California, in 1964 moved out of the fire area,

demolished a house, severely damaged several others, stripped limbs from
and uprooted several large trees.

In sumimary, winds encountered within and immediately around
a mass fire vary considerably; however, it has been demonstrated that high
winds, 52 mph or greater, do occur within fite areas and that the velocities
encountered are related to the intensity and area of the fire. The 52-mph or
gredter wind was recorded in an experimental burn 5 acres in size. This
indicates the potential that larger more intense fires may have for the devel-
opment of winds (including firewhirls).

Theoretical investigations of winds in a firestorm by Nielsen

have estimated winds of a.pproxim‘a.telg 35 mph assumingthe average ground
temperature to be 425°C ('800°‘F).(251

Winds during the large firestorms in Germany during World
War Il are reported as high as 70 and 112 mph; however, it is not clear as to
whether these velocities occurred locally as firewhirls or whether they were

present over the entire fire area; fully around 360 degrees of the perimeter,
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IV. SURVIVAL CRITERIA

A, General

The environment within a mass fire poses a threat to life safety since
conditions may occur which are beyond the limits of man's physiological
endurance. Man is sensitive to heat both internally and externally; he is also
sensitive to the makeup of the air or gases that he breathes. Thus, evaluation
of the hazard of the mass fire environment must be in terms of man's ability
to survive in that environment. The previous chapter provides a description
of the environment within a mass fire. This chapter outlines man's physiologi-
cal limits in terms of the specific variables found within a mass fire,

These variables are discussed in terms of survival criteria and include
heat, anoxia, carbon monoxide, carbon dioxide, and other gasés, These vari-
ables may be directly contributed by the fire or they. may be only remotely
associated with it. For instance, people in an underground shelter protected
from the direct results of an overhead fire may produce a hazardous environ-
ment within the shelter by means of their own body heat, the carbon dioxide they
produce, and their consumption of oxygen,

B. Heat

Man's reaction under elevated temperatures: has perhaps been studied
more: than any other variable that may constitute a iife-safety hazard in the
mass: fire. Heat may present itself in a number of ways: and at different rates.
Experimenters over the years have studied heat in its many forms and at
different rates. There is, generally speaking, surprisingly close agreement
-omz'the tolerance limits: of man,

One of the earliest experimental efforts in an.-attempt to identify man's
tolerance to high levels of heat is reported by Tiltet(337) who in 1764 observed
people entering large baking ovens in which the temperature exceeded 100°C
(212°F), Later investigations indicated their voluntary exposure to tempera-
tures .of 112° to 120°C (230° to 248°F)-for periods of 15 to 20 min and to tem-
peratures of 140°C (284°F)) for 5 minutes.

Bue‘ttner(s'zf’s@), Webb(3677), and Hardy“‘“) have studied man's tole~-
ance to extreme heat and defined the three principal modes of heat transfer to
m:an as:

{1) heat transfer by means of hot air - convection;

(Z) contact with hot objects - conduction; and

(3} radiation from hot surfaces and gases.
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Hardy presents the general equation of heat transfer as the algebraic
sum of the factors involved(141)

Hp, = Hg + Ho + Hp + Hy ‘ (6)
in which

Hy,is heat loss or gain

HR is radiant heat loss

Hg is convective heat loss

Hp is‘conductive heat loss

Hy is evaporative heat loss

and states that the quantities may be positive or negative depending upon the
direction of heat flow, Generally, theyare considered to be positive when the
transfer of heat is from the body surface into the environment., Man must
live in thermal equilibrium with his environment except for short-term tran-
sient adjustments which must be made.

The heat balancé equation can be stated as:

H, - Hp, =S . (7)

in which:

Hp is heat production within the body

S is body heat storage (positive when body is gaining heat)

Within certain limits, the human body can compensate for heat received
in any of the three ways., Blood circulation and sweat loss are important
factors in preventing physiologic damage. Buettner cites radiation of more
than 0. 06 cal/cm?-sec; hot, calm air of 300°C (572°F); and air in motion at
more than 100°C (212°F) as producing skin burns so rapidly that the body is
unable to protect itse1f(52-56) Below these limits, the body's ability to com-
pensate and protect itself "~ ,oviously related to the duration of exposure and
the rate at which the inter- #v rif e at increases,

1, Convective Heat

Buettner estimated that,in calm air at a temperature of 50°C
(122°F), the escape time from a heated, enclosed space is several hours;
at. 70°C (158°F), itis 1 hour; at 130°G (265°F), it is 15 min; and at 200°C to
250°C (400° to 500°F), it is less than 5 minutes. Escape time here is defined
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as the minimum time rnquired for collapse to occuz.
chart showing safe -exposure times at various temperatures (see Fig. 6).
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FIGURE 6. SAFE EXPOSURE TIME FOR MAN IN
EXTREME THERMAL ENVIRONMENT

Heat may be encountered both inside and outside of shelters.
external heat which results from the fire generally will be a dry heat, relatively
The heat generated-within shelters by the occupants will
From experimental evidence, no specific
effect of humidity has been determined. In its influence on the observed phys-
iology of the body and on body tolerance, an increase in humidity is equivalent

low in humidity(85 ).

raise the humidity of the interior.

to a definite increase in tempera’cure(Z(’).

‘Experimental work by Blockley and Taylor(‘25) show: the fn\e"g.n\
value of tolerance times (see Table 9) for two subjects in exposures -of 82°C

(180°F) and above at low humidity,
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TABLE 9. TOLERANCE TIMES FOR

TEMPERATURES
Mean Tolerance Time for
Ambient Temperature L - «; Four Expés\u\.res, mir\lu
82°C (180°F) 49
93°C (200°F) 33
105°C (220°F) 26
115°C (240°F) 23.5

These temperature-tolerance times are in agreement with Figure 6. Initial
distress, as noted by the subjects in the experiments, was observed at shorter
times. At 82°C (180°F), initial distress first occurred in the most sensitive
subject approximately 7 min prior to the mean tolerance time. At 115°C (240°F),
this initial distress occurred approximately 25 min prior to the mean tolerance
time, ¥or the average shelter population in a mass fire environment, the line

of initial distress may be of more interest than the mean tolerance time. The
mean tolerance time is much closer to the collapse and incapacitating state for
the average individual and may even be beyond that scate for some, i.e., the
aged and sick,

\ Experimental work conducted by Moritz, Henriques,
et al. (229,230, 232)‘, confirmed the work of previous investigators in regards
to the direct skin temperature and cutaneous burning. Buettner cited the skin
temperature at the '"pain threshold' to be between 42° and 46°C (108° and
115°F), and the pain temperature to be 51°C (124°F). He stated that burns
will occur whenever the skin of the epidermis exceeds 54°C (129°F)(52‘56).
The average skintemperature is 33°C (91°F). Moritz and coworkers found
that, when the temperature of the skin is maintained at 44°C (111°F), the rate
of injurious change exceeds: that of recovery by so narrow a margin that an
exposure of approximately 6 hr is required before irreversible damage is
sustained, At surface temperatures of 70°C (158°F) and higher, the rate of
injury so far exceeds that of réecovetry that less than 1 sec i§ required to

-cause: irreversible injury(230)i These conclusions. were drawn as a result of

experimental work with both poré¢ine (pig) and human skin, The results of
this work indicated that at similar skin surface temperatures there is little
o¥ no quantitative difference in the susceptibility of human and porcine
epidermis to thermal injury. The relative vulnerability is shown in Figure 7,

As a result of the work at these temperatures, the authors concluded
that conduction of the heat energy away from the skin surface by way of the blood
stream does not afford a significant degree of protection against epidermal
injury.
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FIGURE 7. RELATIVE VULNERABILITY OF PORCINE AND
HUMAN SKIN TO THERMAL INJURY

Moritz, et al, (232), conducted an experimental study of the
casualty producing attributes of conflagrations. Goats and dogs were exposed
to excessive convective and radiant heat of varying duraticn and intensity.

The results of these experiments indicated that there are two types of hyper-
thermic circulatory failure, one central and the other peripheral. The former
occurred in some animals as the result of brief exposures at high [>200°C
(>392°F) ] circumambient tempzratures, whereas the latter occurred after
long exposures at lower temperatures. It was evident that large animals
exposed to conflagration heat may receive injuries that are almost immediately
fatal and that are not necegsarily contributed to by asphyxia, cazbon monoxide
poisoning, or the inhalation of flame or fumes. Ii was- apparent .that almost
immediate death may restlt from systemic disturbances caused by the heat
flowing through the surface of the body. The moderate to severe pulmonary
edema that was observed in dogs and goats bore no relation to the inhalation

of heat but was a result of circulatory failure incident to systemic hyper-
thermia(232).

Some temperatures of approximately 90°C (196°F) could be
tolerated for 45 min without burning, whereas,at 100°C (212°F), burning
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occurred in 12 min, and, at 180°C (357°F), thelongestexposure that could be '
tolerated without irreversible cutaneous injury was 30 seconds. At relatively

low temperatures of heated air [under 120°C (248°F)], man, because of his t[
ability to sweat, is undoubtedly less susceptible to injury than the pig. It is 1.

doubtful, however, that sweating provides a significant degree of protection
at temperatures over 120°C (248°F), because, at such levels, the rateatwhich
heat is transferred to the skin is considerably more rapid than the rate at
which it can be dissipated by vaporization of sweat(232),

The severity of the physiologic disturbances that result whenani-
mals are exposed to excessive heatare frequently disproportionate to that of the
cutaneous burning. Rapidly fatal systematic hyperthermia may result from
long duration exposures attermperatures insufficient to cause cutaneous burning.
Higher intensity exposures may cause extensive and severe cutaneous burning
andyetbe oftoo shortduration to cause a significantrise in body temperature.

The severity of the immediate physiologic disturbances resulting
from exposure to excessive heat appears to bear a direct relationship to the
extent to which the body temperature is increased. Exposures that gener-
ally cause the rectal temperature to rise above 42° C (108° F) and those
that invariably caused it to rise as high as 44°C (111°F) resulted in rapidly
fatal circulatory failure. (232)

As a result of this work, Moritz, et al., concluded that there
is no reason to believe that man and pig differ greatly in respect to the rate
at which heat is transferred from the skin to the interior of the body. Thus,
man's susceptibility to development of rapidly fatal hyperthermia when
exposed to environmental temperatures in excess of 120°C (248°F) is probably
similar to that of the pig.

Moritz, et al., observed that cutaneous hyperthermia was
capable of causing the plasma potassium to rise as much as 17 milliequivalents
per liter and suggested acute potassium poisoning as a potential cause of
death., There appeared to be a definite correlation between survival and the
height to which the internal body temperature was raised.

Other experiments performed by McLean, Moritz and Roos(217)
established that severe and extensive cutaneous burning may result in a rapid
rise in plasma potassium to levels ordinarily considered incompatible with
life, Such levels are attained when a large proportion of the body surface of
an animal whose red blood cells normally have a high potassium content is
maintained at 95°C (167°F) for more than a few minutes. That lower surface
temperatures may also be responsible for fatal hyperpotassemia is suggested
by the fact that potassium may be released rapidly from blood cells in v1tro
at temperatures of 60°C (140°F)., Because of the slowness with which
potassium is released at lower temperatures and the rapidity with which
excess potassium leaves the blood stream, it is not likely that thermal
exposures of insufficient intensity to cause severe cutaneous burning could
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cause sufficient damage to the erythrocyvtes to produce dangerously high
plasma levels.

The cause of death from heat in those cases where the {low of
potassium is low enough to allow the blood stream to release the potassium
was determined by Moritz, et al., to be systemic hyperthermia. This
systemic hyperthermia, which is caused by conduction of heat to the. interior
of the body by way of the blood stream, leads to a rapid and progressive
decline in blood pressure and failure of circulation due principally to periph-
eral vascular collapse. Temperaturesof 46°to50°C (115° to 122°F) were identi-
fied as causing systemic hyperthermia while temperatures of 60° to 75°C (140° to
167°F) caused central circulatory failure (high potassium). The peripheral
and central factors that were the cause of death at lower temperatures also
come into play at the higher temperatures but are evidently secondary to the
hyperpotassemia.

It has been alleged that victims of conflagrations sustain
pulmonary injuries of equal or greater significance as far as survival is
concernedthanburns received on the surface of the bod{. To investigate this
aspect of the problem, Moritz, Henriques and McLean 229) conducted experi~
ments on the effects of inhaled heat on the air passages and lungs, utilizing
dogs. In some conflagrations, death has been attributed to the inhalation of
chemical irritants contained in smoke without the presence of excessive heat.
In others, however, victims have been exposed to heat, various combustion
products, and smoke all at the same time. The experimental work with dogs
was designed to delineate the effects of the inhaled heat. Inhalation of heated
air, steam, and flame indicated that the quantity of heat that can be stored in
the volume of gas that constitutes a breath is remarkably small,

In these experiments, neitherthe skin nor the muéous membranes
of the mouth or throat were exposed to heat. The upper respiratory tract was
protected by a trans-oral cannula in such a manner that the first impact of the
hot atmosphere during inspiration occurred below the vocal folds of the larynx
(see Fig. 8, a diagram of the respiratory tract). Pulmonary injury occurred
in the lungs of two of the five animals inhaling flame from a blast burner. Four

RANCRTN

out of six suffered lung injuries when steam was inhaled. In all other animals, /
injury was confined to the upper air passages. When such recognizable thermal ;
injury was confined to the upper air passages, it was inferred that pulmonary %
infection was secondary to the aspiration of mucosal debris. Z
These experiments by Moritz, et al., demonstrated that on dogs, i’»‘
only when the original temyperature of the air was high enough to produce éf
almost instantaneous burning of the skin and upper respiratory thucosa was 13
there sufficient residual heat inthe air reaching the lungs to cause pulmonary :i
injury. The experiments also demonstrated the importance of humidity in (.
increasing the heat content of inhaled air., Dry air at 500°C did not injure the ;@,
lungs or the lower trachea in three separate exposures.. The maximum k>
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The -mouth-and-nose lead t6 a hollow structure behind the soft palate which is called the
pharynx, :and here the respiratory and digestive tracts divide into separate tubes. The tube
which leads-to the lungs is cdlled the trachea. Below the pharynx is the larynx, and in this
.organ-are-found the vocal cords, important to speech. The opening to the larynx can be partially
-ciosed by a-lid of cartilage called the epiglottis, The area beneath the epiglottis and within the
larynx:is known as the glottis, The trachea is.the long:tube running down from the larynx in
front-of the esophagus (i.e., at the front of thc neck). It divides at its lower end into two short
tubesg called:the- bronchi, which enter the lungs in their midportion at the midline of the chest,
The bronchi- dw:,de and subdivide into shorter tubes called bronchioles which are within the
lungs. The bronchmles -ultimately dxvxde into alveolar ducts from which lead air sacs or
alveoli, which:are the most important functional structures in the lungs. It is here that
oxygefi-and carbon diokide-éxchange between blood-and air takes place. All the structures
of‘the respiratory system-are lined by a structure resembling the skin in many respects
(respiratory epithélium), which secretes mucus. )

Source: See Ref. (243)-

FIGURE 8. DIAGRAM OF THE RESPIRATORY TRACT
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temperature recorded in the lower trachea was 50°C during one exposure.
When steam at 100°C was breathed, thelungs were injured in four out of six
exposures; two were described as severe and the lower trachea was injured
in all six exposures. Temperatures in the lower trachez of 53° to 94°C
were recorded.

Air at 100°C will transport to the skin about 0. 007 cal/cm?2-sec,
and steam at 100°C will transport about 5 cal/cm2-sec. This 700-fold increase
in caloric bombardment is due to the latent heat of condensation of steam. This
is why steam is an enormously greater hazard than hot air in the production of
heat injury(ls\o). Within the range of their investigation, Moritz, et al., found
that no type of thermal pulmonary exposure was encountered which was imme-
diately incompatible with life. A thermal exposure sufficient to injure the
lungs was more than enough to cause a rapidly fatal obstructive edema of the
glottis.

The extent to which the results of these experiments can be
applied to man is questionable. Since the dog has a relatively longer trachea
than man, it seems that this would make him less vulnerable to thermal
pulmonary injury. However, in pondering this question, Moritz, et al., con-
cluded that ''the elaborate precautions taken in the animal experiments to
prevent loss of heat from inhaled air as it was conducted to the larynx would
more than compensate for the shortness of the human trachea. "

Webb(367) reports that test subjects voluntarily switched from
nasal breathing to mouth breathing at 125°C (260°F) and that at 150°C (300°F)
even mouth breathing became difficult. Pesman points out that neither experi-
mental work nor experience data indicate a sharply defined respiratory
threshold tempe rature(268),

Pesman also reports that the highest human respiratory system
exposure without injury was 200°C (390°F). This temperature was chosen
by him as a respiratory threshold temperature value to perrait a gross
comparison of skin injury and respiratory damage. Buettner(52) reports that
when the air has a temperature .of about 250°C (482°F) respiration is nof
particularly affected for several minutes except for the first breath which
gives a sensation of heat in the nasal passages. Collins discusses the .
hesitance created by sudden breathing of heated air which could easily cause
a person to pause long enough to allow the systemic effects of heat and
combustion products to produce collapse and unconsciousness(77),

Webb(367) determined human tolérance times for nude raen .
exposed to various heating transients ranging from 8°C/min (15°F/mir) to
55°C/min (100°F/min). These exposures resulted in intolerable pain at
temperatures between 160° and 200°C (320° and 390°F), The faster the rate
of temperature rise, the higher the temperature which could be tolerated. §§i’
Figure 9 shows a plot of Webb's results.
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FIGURE 9. HUMAN TOLERANCE TO VARIABLE
HEAT PULSES
For longer exposures to lower temperatures, Miller and
Keei'(223)

note 50°C (122°F) as the critical temperature for survival. Strope
notes 35°C (95°F) as the limit of heat prostration and 30°C (86°F) as the
temperature above which the heat balance of the body cannot be maintained. (328)
The temperature limit of 30°C (85°F) has been suggested by many as the
maximum that can be endured for fourteen days. Johnson and Ramskill{159)
note that experimentation has shown that highly motivated healthy young

men had reached their limit of endurance after about one week at an average
effective temperature of 30°C (85°F). Brand-Persson{35) notes that a temper-
ature of 28°C (82°F) is bearable forilong durations only if vigorous circulation
is maintained. Strope suggests 27°C (80°F) as the limit for a two-week
period. (328-332) ynder ordinary circumstances, the temperature range of
10° to 25°C (50° to 78°F) is acceptable and 19° to 22°C (66° to 71°F) is
optimum 384) 4t a relative humidity of less than 50 percent.

Balke(”lg) provides a description of terminal heat stress and
notes that: '"Heat tolerance tests are usually terminated when the experi-
mental subjects! pulse rate has risen to a frequency of 160 beats per minute,
almost to three times the resting value. Blood pressure at that point is
usually increased also. Cardiac output, therefore, must have been increased
close to three times the resting value of about 7 liters (0,25 cu ft) per minute,
i.e., to 21 liters (0. 74 cu ft) per minute. Most 'ncrmal' men of 'average'
physical condition have only a potential capacity for 25 liters per minute total
blood flow, Therefore, there are not many reserves left at extremely high
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temperatures, and the slightest additional stress, requiring further circulatory
adaptions, might complicate the situation beyond possible physiological
solutions. "

The limits of tolerance observed by Blockley and Taylor(25'29)
were determined by rectal temperatures of 39°C (102°F), skin temperature
of 42°C (107°F), and a pulse rate of 150 to 160 beats per minute.

Based on this review of the literature, Figures 10 and 11 are
presented as composites of the experimental work conducted to dat:. From

these charts, points of interest can be easily established.

2. Radiant Heat

The previous discussion has been primarily concerned with heat
transfer to the body by convection., Another important mode of heat transfer
which must be considered is radiation, Buettner has stated that radiant heat
from sources cooler than about 1500°C (2732°F) is nearly completely, in fact
to 97 percent, absorbed by human skin. (57) Buettner states that, in tests
performed with open gasoline fires (simulating an airplane crash), the heat
transfer by radiation was at least four times greater than that by convection
for a black cylinder within the flame. (54)  For given conditions, such as
people at rest in a normal room, radiatedonthe forearm, the prepain time
depends in a simple way on the heat supply. Figure 12 is a plot of the radiant
exposure versus prepain time. Buettner deiines prepain time as, ''the period
extend?ng)from the beginning of exposure until the onset of unbearable 'stinging'
pain, (52 y

Buettner has identified the minimum radiation intensity required
for pain at 0.033 cal/cm2-sec and the maximum intensity above which evapora-
tive cooling has no effect at 0.083 cal/cmé-sec. Exposure to less than
0.033 cal/cm2-sec is low enough to allow the human body to defend itself by
peripheral circulation and sweating, thus preventing the occurrence of pain.
Exposure to radiation level of 0.032 cal/cm2-sec on a sunny day may not
cause pain within 15 or 20 min but will injure the skin as a common sunburn
will, i.e., it cannot be endured for long. (219)

Below levels of heat which cause pain, continued application of
sufficient heat will cause collapse. The time required for collapse depends on
sweating, precooling and peripheral circulation,

Buettner cites radiation measurements from fires which indicate
600°C (1100°F) as a mean value for wood fires and 700°C (1300°F) as a mean
value for gasoline fires. In addition, he cites the importance of radiation at
all points around and above a fire while convection is only important downwind
and above the fire,
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300°C=. b
. EXTREMELY RAPID BURNS
| TOLERANCE TIME STRONGLY
i [ DEPENDENT ON PROTECTIVE
i} CLOTHING
+-500°F
- 250°CH /
=
2-3 MIN_ TOLERANCE TIME | )
WITH WET CLOTHING
. TOLERANCE TIME LESS THAN
_400°F 4 MIN WITH WET SKIN
L 200°C- RESPIRATORY SYSTEM
) THRESHOLD 200°C (390°F)
-
IRREVERSIBLE INJURY TO DRY .
SKIN IN 30 SEC 180°C (360°F) .
- RAPIO UNBEARABLE PAIN TO
DRY SKIN 160°C (320°F)
MOUTH BREATHING DIFFICULT
TEMP. LIMIT FOR ESCAPE 150°C1-300°F
150°C °F
30°C (300°F) 1 5 MIN TOLERANCE TIME
| 1407 C (284°F)
NASAL BREATHING DIFFICULT ’ 15 MIN. TOLERANCE TIME
125°C (260°F) ¥ :
20 MIN. TOLERANCE TIME 120°C (248°F)
115°C (240°F) ]

; " . *
VERY RAPID SKIN BURNS IN oorc) 25 MIN TOLERANCE TIME 105°C (220°F)
HUMID AIR 100°C (212°F) -

J200°F
49 MIN TOLERANCE TIME
82°C (i80°F) 1
PN GENT AL ?:7%5:.:%3&?:&.&: EsuLT 60 MIN TOLERANCE TIME 70°C (158°F
HYPERPOTASSEMIA . (188°F)
W 65°C (144°F) RESULT .
CARAMED S0 UL TSR, | MEAT STROKE 60°C (40"
VASCULAR COLLAPSE
3-5 HR TOLERANCE TIME 80°C-{ .5-5 HR TOLERANCE TIME S0°C {122°F)
50°C (122°F)
T 'ob?z.;r PROSTRATION 38°C (93°F)
T STR °C (90°F)—_|
2:::::A::E“::X 5:0: :i.,aﬁ,f.,( AS ! MEAT BALANCE CAWNOT BE MAINTAINED
ANTICIPATED IN MASS. SHEL / 30°¢C (08°F)
IMPOSSIBLE TO WORK CFFICIENTLY d ?}E{{:‘:ﬁ‘é’(ﬁo&“‘," RASHES, LIMIT FOR
29°C (85°F)
PERSPIRATION BEGINS, DESIRABLE OPTIMUM RANGE 19%-22°C (66%7!° F)
MAXIMUM FOR SHELTER 28°C (T8°F) -+ ACCEPTABLE RANGE 10%-25°C (50-78°F)
o*cL3zr '

FIGURE 10.

PHYSIOLOGICAL EFFECTS OF
ELEVATED TEMPERATURES
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FIGURE 11. HUMAN TOLERANCE TO ELEVATED TEMPERATURES

4
b
“l
3
e
§ s =

e —
> — p—
| PR
'; = —
.7 — 5:'.2‘”540
T e ]
T .

Ve 7.4
2 -/ — PIIDEENO LD
0 - ]
.\\ OB P —
S o st
Q o |— :
E os | .. —~ ]
n \\

Q < N
'E‘ B AN
) \\

o/ —
N\ \
{ N\
3 5 i | R I Lt rhpin Lt i

g 75 ¢ ¢ & > - | |~ o= = |

S, ‘ Savom. | &y, Iz N »NAa
Fpom, amoim.
PINE - SECON DS

Source: See Ref. (52, 268, 326)

P-4

Va4

’e

/G

ra
7o
2.

o

FIGURE 12. HUMAN RESPONSE TO HIGH RADIANT ENERGY
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necessary to reach the pain threshold increases as the radiation decreases.
This is apparent from Buettner's curve, Figure 12, In his experiments,
Buettner applied radiation to the lower arm with its blood supply arrested by
a tourniquet, Above 0,04 cal/cml-sec, no effect of the blood supply on the
prepain time and on the skin temperature reached at the pain threshold could
be detected. (52) Wetting the skin with water was also expected to offer
protection. However, this cooling hardly exceeds 0. 017 cal/cm?-sec and
offers protection from weak radiations only. For radiations of 0, 25 cal/cm?2-
sec or greater, wetting has no effect.

Experiments by Moritz, et al. (232), estimated the radiant and
ambient caloric uptake rate per square centimeter per minute of pig skin when
the surface temperature was 35°C (93°F). During the heat exposure, the sur-
face temperature increases with time which results in a corresponding
decrease in the rate of caloric uptake. For cutaneous surface temperatures
not greater than 60°C (140°F), the rate of caloric uptake was directly propor-
tional to the difference between the temperature of the surrounding air and
that of the skin surface of the animal. At temperatures of 70°C (158°F) and
higher, the infrared radiation from the walls of the test enclesure was the
principal source of the heat energy absorbed by the animals. Under conditions
that produced an air temperature of 70°C (158°F), 50 percent of the caloric
uptake was by radiation. At 500°C (932°F), the caloric uptake by radiation
represented 85 percent of the total. Thus, under long term exposures which
must by necessity be at lower temperatures, radiant energy is less important
and only appears to be significant under higher temperature conditions where
the exposure to living persons will be shorter.

The solid curves in Figure 12 are plotted from Buettner(sz)
Pesman(268) and Stoll(326) and the dotted line is an extension of their work
based on the temperatures of equal effectivity established by Buettner. (52)

3. Conductive Heat

In addition to the convective and radiant heat, conductive heat
must also be recognized in a mass fire environment., Conductive heat is
considered to be a factor only in those cases where people are trapped or are
unconscious or immobile and subjected to immediate contact with heated
objects. It is assumed that in any other situation, persons so exposed to
conductive heat could remove themselves or the object from such contact.

It is also possible to receive conductive heat burns from hot flying debris;
however, the injury received from impact of the debris on the body is con-

sidered to be more important,

In heat transfer by direct contact, the surface heat ¢onductance
becoi ‘es almost infinitely large. In this regard, skincontact with objects at
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a temperature of 44°C {111°F) or higher must be considered as possible
sources of injury., Meritz exposed porcine skin to heated water at tempera-
tures of 44° to 100°C (111° to 212°F) and recorded second and third degree
reactions of complete epidermial necrosis at intervals of 7 hr to 1 second.

In addition, 2 series of thirty-three exposures wis made cn human volunteers
at temperatures of 44° to 60°C (111° to 184°F). These resulted in second and
third degree reactions of complete epidermal nécrosis being recorded in
exposures -of 5 hr to 1 second, (230)

Severe burns were sustained withont discomfort at 47°C (142°F),
and intense discomfort was sometimes complained of before any irrevérsible
injury had been sustained at temperatures in-excess of 48°C (144°F).

Figure 7 presents the results of Moritz'and Henriques® work in
terms of time-surface temperature thresholds at which ¢utaneous burning
occurs. Thus, when certact is made and the surface skin attains the tempera-
ture of the conducting nbiject, the same rules apply as noted in the first part
of this section on skinh temperature..

In terms 6f the mmass fire life hazard, the precsding section
describe$ various physiological limits to heat, both convective and radiant.
To summarize, the éxposure limits for man may be estimated for different
time periods représenting different survival situations. Table 10 outlines
such an estimate for heat.

TABLE 10. TENMPERATURE EXPOSURE LIMITS
FOR VARIOUS TIME PERIODS

Length of Exposure  Temperature Limit

5 min 140°C (284°F)
30 min 100°C (212°F)

2 hr 65°-80°C (150°*-175°F)
4:8 hr 46°-65°C (115°-150°F)
27-72 hr 35°-41°C(95°-105°F)
14 days 27°C (80°F)

Examined in light of the heat to be éxpected within a firestorm
(see Section III) where tempsratures of 300° to 400°C (572° to 752°F)may
exist for periods in excéssof man's survival limits at thesc temperatures
(see Figs. 10 and 11); ‘there does not appear te be any chance for escape.
This conclusion.appears to'be in agréement with many of the observations in
‘Hamburg where people were seen to collapse after taking but a few stéps.
At these temperatures, the radiant energies above would be sufficient to cause
unbearable pain in less than 7 seconds. Protection is clearly necessary in
such an area,




Carbon Monoxide

G

Almost any combustible material encountered in building construction
will produce copious quar.ities of carbon monoxide with incomplete combus-
tion, (385) The gas is colorless, practically odorless, and is slightly lighter
than air (density = 0.967). The action of carbon monoxide on the human body,
as it is understood today, will be discussed in this section.

It is generally agreed that carbon monoxide, unlike most poisons, is
not lasting in its effects, unless the dosage has been so severe that secondary
symptoms have been caused, as in the case of damage to the brain cells. (225)
Cortical tissue does not recover if it is deprived of oxygen for more than 5
to 10 min, while, in certain other parts of the brain and spinal cord, irreversible
changes do not begin to occur for periods as long as 20 to 30 minutes. (211)

Strictly speaking, carbon monoxide should not be classed as a poison.
but as a chemical asphyxiant. Carbon monoxide causes the symptoms of
asphyxia by reason of the chemical reaction which takes place between carbon
monoxide and the hemoglobin of the blood. Carbon monoxide displaces oxygen
from hemoglobin, and, inturn, oxygen may again displace carbon monoxide
.and restore to the hemoglobin its oxygen carrying capacity even though blood
has a greater affinity for carbon monoxide than for oxygen(93’ 137,149), The
reaction may be represented as:

HbO, + CO== HbCO + O, (8)
where Hb is the hemoglobin.,

The factors determining the direction of the reaction are the relative
amounts of the two gases to which the blood is exposed in the lungs, i.e., their
mass actions and their relative affinities for hemoglobin'®™®

Carbon monoxide has an affinity for hemoglobin, estimated to be 210 to
300 times greater than oxygen, (149,319, 373) geveral other factors combine
to govern the overall toxicity to an individual. The most important are:
(1) the concentration of carbon monoxide in the inspired air, (2) duration of
éxposure, (3) respiratory time/volume of air, (4) cardiac output, (5).oxygen
demand of the tissues, and (€) the hemoglobin concentration of the blood. %385)

The physiological effect of carbon monoxide on the human body has been
defined in two sepatate ways by the many investigators: (1) in terms of the
percent of carbon monoxide in the inspiredair, and (2) in terms of the blood
saturation (carboxyhemoglobin). The following paragraphs briefly discuss the
values determined by several investigators for each method and present
their resilts in graphic (Figs. 13 and 14) and tabular (Table 11)form.
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FIGURE 13. EFFECTS OF CARBON MONOXIDE

Henderson and Haggard have defined the effects of exposure .in terms
of time in hours and carbon. monoxide concentration in parts per million (seé
Fig. 13).(149) ’ ;

i
L
RN

Time (hr) X concentration ,(ppm) 300 (no. perceptible effect)

» oA

600 (a just perceptible effect) ’ -
o (9)

E AT AN N

900: (headache and nausea)

1

1500 (dangerous)

‘Note: ppm represents parts per million; ppm X :10"4: = percent carbon
monoxide :in air.
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Mmchm reports that collapse will occur when the product of the carbon, (225)
(o]

~-monoxXide concentration in percent and tifie of éxposire in minutes equals 4. 5.1
That is,

t
({ Koo dt = 4.5 ‘ - (10)

This lihe is also drawn- on Figure 13 for comparison,

The. relationships reported by Henderson and Haggard(l‘*g)@and Sayer
and Davenport(302) are outlined in Table 11 in terms of the percent of the
carboxyhemoglobin blood saturation that results from various carbon monoxide
concentrations in air and the associated physiological effects.

The blood saturations are a direct result of the carbon monoxide
concentrations in the air, Table 11 and Figure 14 reflect the relationship
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After prolonged exposures.

-~ ——= Maximum degrees of saturation attainable
in 1 hr during rest.

Source: See Ref. (149)

FIGURE 14, PHYSIOLOGY OF CARBON MONOXIDE
between these two factors as reported by several investigators. These same
investigators report that the absorption of carbon monéxide in the blood is
related to the respiration rate in that, when itincreases, the rate of blood

saturation also .incieases, Pesman has assigned values to various respiration
rates in terms of act:w1ty(2 8) so that:

COHb;K-CO-t (11)
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TABLE 11,
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PHYSIOLOGICAL EFFECTS OF CARBON MONOXIDE ATMOS!
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Relationships of (COHb) Blood Saturation with Physiological Effects.

Relationships of Carbon Mon’oxide in Air.
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* ‘where ‘ ' o ) -t
COHD is percent of éarboxyhembglobin formed
CO is percent of carbon monoxide

t is exposure time in minutes

In this equation, the absorption constant, K, depends upon the volume
of air required per minute by the exposed person. Sample K values for
persons in various stages of activity are as follows:

K = 3 for persons at rest

5 for light activity

8 for light work

11 for heavy work

)

Get_tler(lzz')v states that the average person in New York City has in
his blood 1 to 1-1/2 percent carbon monoxide saturation. This figure is not
related to exposure expressed as percent volume of air. Persons in a rural
state institution have less that 1 percent, while New York street cleaners
have as high as 3 percent. Gettler also questions the amount of carbon
monoxide necessary in the bloodstream to produce death. Sayers and Yant
state that 70 to 80 percent is necessary, and Henderson makes a similar
statemeént (60 to 80 percent). Gettler reports on the analysis of over 2000
persons who. died from exposure to carbon monoxide and points up fatalities
with as little as 31.3 and 33. 6 percent. Four and a half percent of the victims
died with'a carbon monoxide saturation of between 30 and 40 percent; another
4-1/2 pércent between 40 and 50 percent; and 14-1/2 percent of the cases
between 40 and 60 percent. So, all told, 23-1/2 percent of the victims died
with léss that 60 percent saturation. Gettler concludes that, with a saturation
of upto 10 percent, no symptoms are manifest, but that, in the neighborhooud
of 20 percent, one gets shortness of breath and slight headache when doing
muscular work. When approaching 30-percent saturation, the danger point
is reached. Above 30 percent, death may result.

Dr1nker(93 94) confirms Gettler's statements and reports on some
experimeénts wherein humans were exposed to carbon monoxide. In these
experiments, the subjects’'blood saturation was raised to the 20- and. 30-
percent. level. Only occipital headaches and vertigo were reported by these
subjects. In addition, Haldane performed experiments on himself and inhaled
carbon monoxidé which brought his blood saturation up to 56 percent.. (93, 137)
The symptoms.he recorded are also outlined in Table 11. There appears to be
qulte a divetigence between Haldane's symptons and Gettler's conclusions.
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‘The long accepted maximum allowable concentration of carbon
mohoxide in ait for daily exposures not exceeding eight hours at any one time
has been.0,01 percent(187) as published by the American Standards Assocxat1on.(9)"
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Lindenberg reports that.no clinical evidence is.available which-would-definitely -

prove that such exgvosures are able to produce permanent physical or mental
damage in man. (187),  Animal experiments, however, seem to indicate that
such exposures may be harmful,

Lindenberg states that Lewey and Drabkin found morphologic damage
to heart muscle and brain in dogs exposed to 0, Ol-percent carbon monoxide

5-1/2 hr per day, six days a week, during a period of eleven weeks. In monkeys

exposed to 0.01 percent carbon monoxide for about three weeks, Lund and
Wieland saw fatty degeneration and necrosis of the liver, On the other hand,
Musselman and coworkers found that exposures -of 0. 005 percent carbon
monoxide (50 ppm) for a period of three months caused no ill effects in dogs,
rabbits, and rats.

In the casé of man, the most pertinent data which were found in the
literature by Weeks(368) are those of Sievers published in 1942 who studied
traffic officers on duty in the Holland Tunnel. These officeis were exposed
to about 70 ppm carbon monoxide daily, and their blood COHb concentration
ranged from 0.5 to 13. 1 percent of saturation and showed no abnormalities
that could be attributed to carbon monoxide poisoning over a thirteen-year
observation period. ‘However, results obtained in intermittent exposures
cannot bé directly applied to continuous exposures,

Weeks states, '"The slight changes or lack of positive toxic signs in
dogs, rats, and rabbits suggest no harmful toxic effects from a continuous
three -month exposure of animals to 50 ppm carbon monoxide. It would,
therefore, seem, on the strength of comparable hemoglobin saturation in
man as in dogs, that a concentration of 50 ppm carbon monoxide would ‘be
safe for contihuous human exposure. "

There is a definite lack of data in the literature as to the long term
chronic effects of continuous exposure of humars to carbon monoxide beyond

eight hours. Most of the experimental work has been performed on the basis .

of intermittent rather than continuous exposures.

The anoxemia induced by carbon monoxide does not cease as scon as
fresh air is inhaled, as is the case with the simple asphyxiants, but persists
in diminishing degree until all the gas has been eliminated from the blood.
With carbon monoxide, there is the additional disadvantage that in untreated
cases the period of slow elimination is oftéen much longer than the period of
actual exposure in the atmosphere containing the gas. The displacement of
carbon monoxide by oxygen is slow. (319) Henderson, et a‘l.(149), concluded
that after return to fresh air, the elimination of carbon monoxide through the

lugigs proceeds at a rate of 30 to 60 percent reduction of the blood saturation .

per hour,

Carbon monoxide is8 not a cumulative poison. There is no possibility
that this gas can accumulate in the body. There is a possibility that chronic
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exposure to very low levels-of carbon monoxide Will acclimatize exposed

persons thus creating an increased tolerance to carbon.monoxides Sollmai

!~ peports-that i WoTk By Killick, Nasmith and Graham, and Haldane positive

i increases in tolerance were indicated. (319) Drinker also reports that exposures

continued for weeks may result in quite unrecognized changes in an individual
that make him very resistant to the gas. (93) He cites experimental work by
Killick which demonstrated a reduction of blood saturation from 33 percent
to 18 percent in two exposures to 230 ppm of carbon monoxide after the
subject had been exposed to many exposures of carbon monoxide over a

§ period of eight months (intermittently). See Figure 15,

e ke T e

L

4

bE oo B TBembaa | '

8 | ACCUIMAT IZATION
~

N i /g__.,A-—A—-A

q se !

g“ i =TreR ‘
;.g fcgumr/z,or/o
T 3

Q]

3 /& |

\

Q ’ N . L - S |

& s 7/ 7 I < 2B & 7

A LI/ B IN MNOW/2S

Source: See Ref. (93)

FIGURE 15. ACCLIMATIZATION EFFECTS OF
CARBON MONOXIDE ‘

Minchin reports that workers who habitually have, say, 10 percent of
their hemoglobin out of action from this cause seem to grow accustomed to the
situation so ‘that their vulnerability is: reduced. (225) Typical symptoms pro-
duced by breathing air contaminated with carbon monoxide gas, in ascending
order of severity, are: flushing of face, slight headache, weakness, dizziness,

nausea, vomiting; increased pulse and respiratory rate, unconsciousness,
and death.

To summarizé the reports of the various investigators, Figure 16 *
is presented as a composite of their findings and may be used for reference f
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when considering the life hazard in the mass fire environment. This figure
shows an extension of the physiological effects to chronic exposure beyond the
8-hr period in an attempt to define the r.iss fire life hazard to those trapped
in shelters for a longer petiod. The forn.ulas of Henderson and Haggard 149)
and also those of Minchin(225) obviously ~annot ‘be applied for an unlimited
périod of time. The range of their applicability has not been clearly estab-
lished. For this reason, the curves in: Figure 16 are presented as a dotted
line beyond an 8-hr period.

The effects of maximum carbon monoxide concentrations reportedly
recorded in open areas (see Section V) of 0. 08 percent would allow approxi-

mately a 1-hr exposure before collapse. Thus, it appears that carbon monoxide

has yet to be shown as a serious hazard in the open.

On theé other hand, the concentrations recorded on the criteria of
burning structures clearly show the néed for adequaté protection, Table 12
presents the authors' conclusions regarding the allowable exposures to carbon
monoxide for various periods in terms of survival,
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TABLE T2, TOLERANCE TIMES FOR EXPOSURES
_.TO. CARBON. MONOXIDE

Length of Exposure Carbon Monoxide Limit (in Air)

5 min 0.30% 3000 ppm

30 min 0.15% 1500 ppm

2 hr 0. 045% 450 ppm

4-8 hr 0. 027-0, 020% (270-200 ppm)
28-72 hr 0.012-0, 010% (120-100 ppm)
14 Aays 0. 005% 50 ppm

The exposure limits for periods in excess of 8 hr are simply
estimates made by the authors and are not based on any experimental or
recorded data.

In buildings where sheltered people will be exposed to carbon monoxide
from interior fires, the life hazard will be quite severe., Any long term stay
in the immediate building, if only for the duration of the fire which may be
approximately 4-8 hr (considering cool down time to allow rescue-escape),
would require that carbon monoxide levels be below 0. 03 percent (300 ppm)
to insure life safety.

D. Oxygen

Normal inspired air contains 20. 9 percent oxygen, whereas expired
air contains 15. 4 percent oxygen. The oxygen inhaled replaces that which
is used in the combustion of the tissues. When there is insufficient oxygen.
in the air, as may happen in a fire situation inside a building, the body suffers
oxygen deficiency - anoxia or hypoxia. The symptoms of anoxia develop so
insidiously that the subject may be unaware of them. They arise chiefly from
stimulation and depression of the central nervous systém, since this is most
susceptible to oxygen deficiency. (319)

When anoxia occurs rapidly, three typical stages may be distinguished.
During the first stage, the respiration rate (particularly the inspiration rate)
increases, In the second stage, the respiration rate becomes irregular and
convulsive, the inspiration rate shallow and weak, the expirations powe riul
and prolonged, and consciousness is lost. The skin, especially the face,
assumes a grey discoloration (as opposed to the blue coloring characteristic
of asphyxia). The third stage is characterized by collapse and convulsions,
depressed respiratory centers, shallow and infrequent respiratory movements,
convulsive twitching of the extremities and the muscles of the face and neck,
gasping movements, and the body is rigid and arched backward. In addition,
the pulse is slow and soft, at first strong, thenprogressivelyweaker withthe heart
continuing to beatweakly for several minutes after the respiration has stopped.
Artificial respiration during this interval generally results in recovery,
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but death usually occurs within six or eight minutes. if the trachea is tie diil 9). .

(see Fig. 17).

If anoxia occurs slowly, the first symiptomis are cyanosis and dyspnea
on exertion. The individual becomes stupefied, but so gradually that he may
not be aware of his condition. The stupor passes into unconsciousnéss and
this into collapse: The motor symptoms may be entirely absent. (319)
Kraines{(173) describes both experiinental and accidental exposures to low
oxygen concentrations of 10 percent or less. Heére, the subjects fell into-a
stupor, and the body and mind became feebler, little by little, gradually and
insensibly, There was no suffering. In fact;thesubjects felt an inner joy
to the point of being gay, unaware of what was happening.

A candle is extinguished when the oxygen has fallen to about 17.5 per-
cent, and is,therefore, a test for that safety condition, Different p,e:r\séns vary
in their sensitiveness to oxygen deficiency.

Henderson and Haggard group the phenomena of anoxia into four stages,
best reached when they develop slowly. Thesefour stages are shown on Figure 17
with Sollman's data for comparison.

McFarland states that cortical tissue does not recover if it is: de*p"riVe(l
of oxygen for more than 5- to 10-min periods.. In certain parts of the brain ‘
and spinal cord, irreversible changes do not begin to occur for.as long as ‘
20- to 30-min periods.

In terms of the mass fire life hazard, oxygen reduction appears to be.
quite similar to carbon monoxide; the hazard in the .open has yet to be demon-
strated. However, it may be a serious factor within burning ‘buildings.

Table 13 presents examples of oxygen concentrations considered minimal for
life support over various periods of time.

TABLE 13, TOLERANCE TIMES FOR EXPOSURE TO
REDUCED OXYGEN ATMOSPHERES

Length of Exposure Oxygen Limit, %

5 min 9

30 min 11

2 hr 14

4-8 hr 15

24-72 hr 16

14 days 17
63
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E.. Carbon Dioxide ;
‘Carbon dioxide is a colorless, odorless gas formed by oxidation, such ;
as the combustion of fuel. It causés a stimulation of the respiratory center in
‘the brain and,if breathed.in excess, results in an abnormally high respiration
rate, Carbon dioxide is ordinarily not considered to be a toxic gas. Carbon
dioxide induces asphyxia through the exclusion of oxygen, which is accelerated
in the early stages by the stimulating effect of the gas on the respiratory
center, producing deeper and more rapid breathing., As little as 2 percent of
carbon dioxide in the ingpired air effectively st1mu1ates re s)plra.tion and 3 per-
ceént doubles the lung vertilation according to Vie ssman/3 (see Fig, 18),
. \ ser z.e“ @F CONS < I1OWSIHEES i -
T |
o -BELArLIG CvmmIGYLT
3
¥,
?
RN ,;
B k.‘ X 3
+ R . :
: v Z
\ k
; "’
{1 .
i
\l:_ll..ll,l~}'(| :
|L_vemie srvocoveae | i
Ao - Ree | Sew dJew . caw ;
- »—lae-a./r AP ALSPIYAAR L. b liAKS ST IONS o
_Sour«c,e: See Ref. (359) E
FIGURE 18, EFFECT OF CARBON DIOXIDE ON LUNG ACTION 1;»
5 A sin gle pubhcatmn issued by the. U..S. Bureau of ‘Mines lists two "g
>’ sepa.rate physxologmad effects versus various concenitrations of carbon dioxide 3
T in an‘( )(see Table 14)
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TABLE 14, PHYSIOLOGICAL EFFECTS OF CARB

- atnsaal

S e

Volume Sollman(319) . U. S. Bureau of Mines{226) U, Si§:
0.04  No effects; normal air, ‘ " i
0.05 Slight and unnoticeable increase in the :§

ventilation of the lungs, 3
f |
0.5-0.8 .
i
1.5 ; 3
3
B
" “5
2.0 Breathing deeper; tidal volume 50% increase. Slight incs Sli
inc¥eased 30%. symptomp-s ‘sylrl
L5
3.0 100% increase, C§
4.0 Breathing much deeper; rate slightly ;
quickened; considerable discomfort. i
| §
4;5-5.0 Breathing extremely labored, almost %
unbearable for-many individuals,
nausea may occur,
5.0 300% breathing laborious, Noticeab Not
’ lation; lati
7-9 Limit of tolerance.
7.2 Marked §
tion modg :\fial
fullness § ‘ f:::
3 i
9-10 300‘
:)fr:»qn
) swe
10.0 Cannot be endured for mofe than a .. '
few minutes. -
10-11 Inability to coordinate; unconscious- .
ness in about 10 minutes.
5-20. Symptoms increase, but probably not /
fatal in. one hour, '
5-30 Diminished respiration; fall of blood -
pressure; coma;loss of reflexes; :
anesthesia, Gradual death.after some
hours.,
S, v T E—— ~ A S ”:J:fﬁ':“d '




ot S

Q
>
o
Qo]
O
Z
9
O
o
|w)
o)
Q
(0]
-
(o
=1
Z
-3
Y]
LS
-
b
O
z
(@)
S

i;sé;é!ﬁ'l‘

o e e ~,;‘_-ic:_b,ag£e,;t(. 3 OQM .

.
2 e

The level at which probably no. significant phy-
siological, ‘psychological, or adaptive changes
occur,

The level at which basic performance and phy-
siological functions are not affécted. Under
these conditions, however, slow adaptive pro-
cesses are observed in électrolyte exchange and

: acid base balance regulations which might induce

B pa’thophysiol’ogical states on greatly prolcnged:

i exposure,

!

% Slight increa:e; no subjective

\é symptoms.

‘i The level producing performance deterioration,
a alterations in:basic physiological functions as 'f
N expressed in changes of weight, blood pressure, <
; pulse rate,” metabolism and finally pathological %
: changes. i
E 4
¥ :

‘Noticéable increase in lung venti- : ;
lation,. but no other symptoms.

T R et
\
RN

Marked increase-iin. lung ventila-
tion moderate sweating 'and a slight

.fullness -insthe headiafter 10 ) g
minutes. )

_‘33:0‘0% i@;_;qaqéf‘ir{:.luﬁg vé,ﬁgil'aiion <
%‘“fréntal headache --dizziness, ‘

T AT

sweating - T0 minutes,

% . 4
{
5.3
o -
i - .
P ?
- HA
2 :
P
~i

T Tl o a2 ekttt .+ BN A iz
L ‘. - e v - L4 Ty o W Aot b - 3
P P e 3 fad ;




L

A

e o bR o

Sollman reports that at 4.5 to 5 percent carbon dioxide, the breathing

bécomes extremely labored, almost unbearable for many individuals, and
nausea may occur, (319) At 8-1/2 percent carbon dioxide, there is distinct
dyspnea, loss of blood pressure, and congestion whi¢ch become unsupportable
in 15 or 20 minutes, and the limit of tolerance is 7 to 9 percent. Balke
reports the tolerance limit at 10 percent,(19

Yuill and Bieberdorf state that inhalation of 7 to 10 percent carbon
dioxide may be fatal in a short period. (385)

Vxessman(359) suggests 3 percent as a practical limit for a 3-hr

-exposure, Strope(328) also suggests 3 percent as the practical limit in a

shelter for periods up to 24 hours, Murphy(237) mentmns 5 percent-as the
dangerous limit, while Marshall and Pleasants( 8) report safe allowable
concentration rangestobe from5to 7. 2 percent with some slight physiological
effects appearing dependent on the -individual. They report that the average
person will experience a slight fullnéss of the head and'moderate sweating
upon beiiig exposed to 7. 2. percent, the maximum allowable concentration
ranges from 6 to 9.5 percent (at § percent, moderate headaches and dizziness
occur; above 9. 5 percent, severe headaches, dizziness and preliminary
carbon. dioxide narcosis will be encountered).

Leutz(181 182) suggests 2 percent carbon dioxide as the bearable
limit, and. Panero(261) states that the carbon d10x1de content should not be
allowed to reach concentrationg above 0.:6 percent. After judging the wide
variance in suggesteéd limits from 0, 6 to 7.2 percent, Muraoka(233) suggests
that 1,6 percent appears ‘to be a .good design value.

Roth(29°) presents a relatzonslup between carbon dioxide concentra-
tion and time that explains. some of the apparent disagreement (see Fig. 19).
However, his upper limit for normal performance is approximately 1.5 per-
cent carbon dioxide and from 3 to 4 percent for minor perceptive changes.
Roth's data cover the 0 to 100-min tithe penod

Schaefer(306)‘ Ppresents a cc‘mcef)'t of trii‘)i'é tolerance limits for a time
period up te:26 days based on chronic carbon dioxide tox1c1ty studies (see: -
Fig. 19 and Tabie 14).

The Navy has successfully conducted stuches of man's exposure to
1. 5 perceént carbon dioxide for a. _continuous period of 42 days, (143) and the
Air Force has recently exposed men to levels of 3 percent for a continuous
period 6f 5 days. The 3~percent exposurze was reported as ''sort of a minimal
challenge' to-the human body. (189).

Pe smdn‘268) teviewed the works of White, Spealman and King and.
developed a different set of limits (see Fig. 19). He concluded that,incon-
centrations up to and above 4 percent for periods of ten minutes, individuals.
could perform useful tasks.
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FIGURE 19. THRESHOLD CURVES FOR EXPOSURE
TO CARBON: DISXIDE

Figure 19 presents.a summary of the available data and repre sents the
range of physiological effects generally known to date.

Summarizing, it would appear that there are many circumstances in

poorly ventilated or overcrowded shelters where carbon dioxide may be a
serious factor and one that certainly should be taken into account.

TABLE 15, TOLERANCE TIMES FOR EXPOSURE
TO CARBON DIOXIDE

Length of Exposure Carbon Dioxide Limit (In Air), %

5 min 5.0
30 min 4.0
2 hr 3.5
4-8 hr 3-2
24-72 hr 2.0
14 days 1.5

Table 15 gives an example of exposure limits that are allowable for the
various periods of time without seriously endangering ‘tlié héalth of those
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]i exposed, While:all the-investigators~do-not agree precisely, ‘there ig encugh ;
‘ general agreement to incorporate their findings into one figure (see Fig, 20)... . . . ..
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‘ FIGURE 20. TOLERANCE LIMITS FOR EXPOSURE
. TO CARBON DIOXIDE
l" On the other hand, it is impossible, obviously, to draw a distinct line between
N those situations where carbon dioxide can be considered by itself and the
] situations where oxygen deficiency is of prime significance. Anoxia is pro-

duced by a lack of oxygen while asphyxia is§ produced by a combination. of
carbon dioxide and oxygen deficiency. In .either situation, carbon monoxide
is likely to be present in some amount, Maintenance of a proper balance of
the three gases,; awareness of the effects of éach, and means for knowing when
the survivable limits of each are approached would seem to be an appropriate
defense.

A 5 e -

F, Other Noxious Gases

In addition to the products of combustion already mentioned, there are
a host of other noxious gases which may be encountered depending on the
nature and quantity of the material being burned and the conditions of combustion,
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The importance of hydrogen chloride (HCL), ammonija (NH3), hydrogen

~—sulfide {H2S); chlorinie (CI), and a wide Variety of other gases such as sulphur

dioxide, phosgene, hydrogen cyanide, and.the oxides-of-nitrogen-has-been

cited as being of significance under special conditions. (95,243, 385) The most
recent of these references indicate that carbon monoxide, or a combination

of carbon monoxide and oxygen deficiency, consititutes the major life hazard
in most fires:

Quantities of certain materials in storage, as in warehouses or
salesrooms, involved in fire may produce unusual quantities and possibly
fatal amounts of gases other than carbon monoxide. For instance:

Chlorinated compounds - hydrogen chloride, chlorine, phosgene

Natural and synthetic rubber - sulphur dioxide and hydrogen sulphide

Natural fibers such as wool or hair - hydrogen cyanide

Even here, the nature of the fire (ventilation, ignition source, etc. ) may be -
such that anoxia and carbon monoxide are far more significant.

It is possible, also, that individual gases present at a tolerable level
may, in combination with other gases also present at an acceptable level,

provide a fatal combination. The possibility of such synergistic action is con=

sidered in more detail below and in Section VI,

An attempt will not be made in this report to define further the life
hazard presented by these noxious gases, some of which have been mentioned,
other than to include some of the more significant references which contain
information regarding the various gases, how they are produced, and their
relative toxicities.

Noxious gases (here definedas smoke, fumes, and products of incomplete

combustion) have been cited many times as a major cause of death by
Phillips(270-273% Finland(112), Davis(85): et al. The work conducted by
Moritz, Henriques, and McLean(229) further points to the fact that many
fatalities which are diagnosed as being due to respiratory burns are more
frequently due to pulmonary edema and asphyxia resulting from the inhalation
of either smoke or combustion gases. The difficulty in producing a primary
pulmonary burn, as pointed out by Moritz and coworkers, emphasizes the
fact that most of these cases of p‘inlmonary edema may be secondary to the
inhalation of noxious fumes. (85)

G. Synergisms

The life safety hazard of various combustion ;products, each one being
treated as a single exposure has been discussed in previous sections. It has
been recognized by many investigators that significant synergistic effects
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exist between the various individual-componentgases resulting fromthe-burn-
ing of various building materials.

The combined action of oxygen and small amounts of carbon dioxide is
probably one of the oldest known effects, In 1920, Henderson and Haggard
published a paper on the treatment of carbon monoxide asphyxia by the inthala-
tion of 90 percent of oxygen and 10 percent of carbon dioxide, In this case,
the carbon dioxide serves to increase the breathing rate (pulmonary ventilation)
and thus increase the rate of disassociation of the COHb., Tests reported by
Gellhorn{121) show an effect from low oxygen (8.5 percent) whichdisappeared
when a mixture of 8, 5 percent oxygen plus 3 percent carbon dioxide was
breathed. The carbon dioxide served to increase the pulmonary ventilation
rate which offset the reduced oxygen atmosphere. Schaefer points out that
this effect lasts only for two or three days and that this is then followed by
a period of depression.

Zapp‘386) exposed goats to atmospheres of low oxygen and then to
atmospheres of low carbon monoxide. Following this, the goats were exposed
to a combination of low oxygen plus carbon monoxide. Later, carbon dioxide
and heat were added to determine théir individual and combined effect.

The goats exposed to 3. percent oxygen in nitrogen died on an average
in 6.91 minutes. Exposure to 2.7 percent carbon monoxide in air resulted
in deaths at an average of 7. 24 minites. The combination of 2. 7 percent
carbon monoxide with 3 percent oxygen in nitrogen proved to be more lethal
than either carbon monoxide alone or low oxygen alone. Respiration ceased
at an average time of 1. 9 min, and the last gasp occurred at an average
of 4.8 min when the 2,7 perc¢ent carbon monoxide with 3 percent oxygen in
nitrogen was used. During this test, arterial oxygen saturation reached a
lower level (6 percent) and arterial carbon monoxide saturation reached a
higher level (90 percent) after 5 min of gassing with this mixture than with
either the low oxygen or the carbon monoxide component (see Table 16).

Some goats were then exposed to an atmosphere containing 2. 7 percent
carbon monoxide, 3 percent oxygen, and 7 percent carbon dioxide in nitrogen.
The average time of death was 4.1 min with the 7 percent carbon dioxide
having a slight and probably insignificant effect on the time of death of the
goate, The arterial oxygen and carbon dioxide saturation were essentially the
same as in the absence of carbon dioxide.

_ When the effect of artificial fever induced in the animals was combined
with the toxicity of lethal gas mixtures, the average time of death was reduced
by 39, 41 and 32 percent.

"

Pesman(268) hag studied the escape time from aircraft as limited
by the combination of carbon monoxide and low oxygen. Lower oxygen con-

centrations are related to high absorption factors which in turn reflect a %;
higher percentage of carboxyhemoglobin being formed. E
11 -
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Moss; ot al.{233), reported on the Feactions of white fémale rafs
to hydrogen cyanide, carbon monoxide, and mixtures of these two gases.
The experiments using carbon monoxide or hydrogen cyanide singly showed
that death of rats could not be regularly expected from hydrogen cyanide
under a concentration of 50 ppm (0. 005 percent) or from carbon monoxide
under a concentration of 5000 ppm {0.5 percent), All the rats treated with
a carbon monoxide concentration less than 5000 ppm ultimately recovered.
When combined, a dose of 2000 ppm carbon monoxide to 20 ppm hydrogen
cyanide in one case produced death in approximately 30 minutes. When. the
hydrogen cyanide was reduced to 15 ppm, death was once caused in 15
minutes, When reduced to 10 ppm of hydrogen cyanide, a death occurred
at 32-1/2 minutes. As a result of this work it was concluded that, in the
presence of sublethal amounts of carbon monoxide, a relatively small amount
of hydrogen cyanide proved fatal to rats,

Keplinger, et al, (167), studied the effects of environnmental tempera-
ture on the acute toxicity of a number of compounds in rats. The approximate
lethal doses of fifty-eightcompounds were determined at three different ambient
temperature conditions: 8°C (46.4°F); 26°C (78, 8°F); and 36°C (96. 8°F).
Nearly all rats in the hot environment succumbed to lower doses of a compound
than those at 8° or 26°C. Based on the lethal doses, the compounds were two
to seventeen times more toxic at 36%C than at 26°C,

Korenevskaya(nz) (USSR) cites Razgulyaev and Karasik who concluded
that the concentration of carboxyhemoglobin in the blood in carbon monoxide
poisoning at high air tempeérature decreased. They assumed that the intensified
effect of carbon monoxide poisoning at high air temperature was the result of
lowered body resistance. Pokrovskii and Naviotskii were also ¢ited as being
of the opinion that the conceritration of carboxyhemoglobin in the blood at high
air temperature was not indicative of the degree of intoxication, Hyperthermia,
they believed, affected first the central nervous system, enhancing its

reactivity to the poisonous effects of carbon monoxide, thereby augmenting the
depth of the intoxication. )

Korenevskaya studied the effect of high air temperature on the
processes of accumulation and dissociation of carboxyhemoglobin in the blgod
in the presence of small doses of carbon monoxiv«< and the relation between the

rate of carboxyhemoglobin accumulation in the blood and the appearance time
of intoxication symptoms.

Women were noted working in atmospheras. of low carbon monoxide
at temperatures of 20° to 25°C (68° to 77°F) anid- at 40° to 50°C (106° to 122°F),
After working in: the hotter environment, women complained of general malaise f
and frequent headaches. Later experimental work on rabbits showed that, witha

rise in air temperature, the toxic effect of carbon monoxide increased due to-a
complex of causes.

73




In comparmg concentratiofs of carboxvhemoglobm in the blood~w1th
‘the: a.qcompanymg symptoms, Korénevskaya found it apparent that in hyper-
- thermia a lack of-paraflelism existéd between carboxynemogTobm content in
.. - the blood and the gravity of intoxication. In isolatéd cases, the blood carboxy-
hemoglobin concentrations of individual animals exposed-to carbon monoxide
-ahd hyperthermia were not higher, and at times were lower, than in cases of
. sxmxlar carbon monoxide exposure at normal air temperatures. Yet, the
symptoms were more pronounced. Thé increased action of carbon monoxidé
~ dn hyperthermia was disproportionate- symptomolog1cally to the coricentration
7 ef carboxyhémoglobin in the blood, leading to the conclusion that caxboxy -
hemogiobin concentration in the blood in Hyperthermia cannot be régarded as
.the criterion of the gravity of inhaled carbon monoxide toxitity and vice versa.
"In addition to the intensification of the effect of cirbon monoxide in combined
hyperthérmia and .carbon monoxide intoxication, the organism's resistance
to femperature was also reduced. - Thus, the toxic effects of carbon monoxide
in hyperthermy were synerg1st1c, a fact which was expressed in intensified
clinical symptomologmal pictures,

.. -As a part of this project, alimited nuniber of animal tests were .con=~
ducted. Adult male Swiss albino mice, 25t0 30 grams in weight, were exposed
to varying degrees. of carbon morioxide in combination with ‘hyperthermia. A
significant reduction in the average time of death was noted when heat was
applied in conjunction with the carbon monoxide. Figure 21 illustrates reduction
in survival times by a factor 6f 5 to 12. )
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amount of experimeéital work accomplished oi soié of the othes: synerg:.sms

weapon, While the effects of radiation (6ther than thermal radiation) are

mentioned. It cofisists mainly of carbon particles and other inert materials.

of the poisons, This is refuted by Soland(318)-who states that smoke is

inhaled gases: damage both lung and stornach, but gastric juices, regurgitated B
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to be expected with the mass fire environment created by a thermonuclear

A,J.Jo«"f«“} -

outside the scope of this study, it is of interest to note a study of the synerg1st1c

action between whole body irradiation and thermal burns. In work by Brooks,

dogs were exposed to 25 r with no .mortality, and to 100 r with no mortality.

Exposed t6.a deep second degree thermal burn over 20-percentoftheir body, 13per-

cent of the-dogs died. When expoged to.a combination of 25 r and 20 percent

body burn, 33 pércent .of the dogs died. Exposed to a combination of 100 r and

20 percent body burn, 76 percent of the dogs died: This is an increase in )
mortality by a s,1gn‘1f;can”t factor -of 6. ¥

H. Smoke:

Smoke is a distinct and separate hazard from the gases previously

Smoke ‘has two potentially hazardous effects: (1) it reduces visibility, and
(2) it may be injurious to the lining of the respiratory tract.

- Its first effect is obviously psychological, caused by the obscuration of
vision. This is evident in reading the accounts of such hélocausts as the
SSNORONIC; the Cocoanut Grovenightclub, the Iroquois Theater, the Hartford
Circus, the Winecoff Hotel, and-many others.

In recent years, there has been considerable conce ri. regarding ‘the

“‘hazard from smoke as it.affects visibility. This is reflected in the anner in
which interior building finish materials sometimes are regulated on the basis

iy

of smoke developéd while burning. ASTM Standard E 84 is the fire test method
used to measure smoke production. (8)

In discussmg the hazards of smoke, Soland, et al. (3“18‘)\\ concluded
that ordinary smoke, exclusive of any specific gas, acts.as an irritant to the

4

Gt

entife respiratory tract causmg inflammation. Zapp(386) found that certain o

pyrolysis products. from foamed plastics caused disturbances, of the gastro-
intestinal tract in his tést animals. Lev1n(184) raised the question of the
lungs shutting off the inflow of noxious substances and the automatic swallowing

inhaled, Phillips{270-273) ¢onsiders the respiratory hazard far more seFious o
and the need for oxygen urgent in addition to the poss1b111ty that not only may

by the. distréssed stomach, may be choked into the. airway., Yuill and . : g
Bxeberdorf(335’ stated: that the _preponderance of opinion appears to bé that
the initial hazard.of smoke is related to visibility and; to a lesser extent,

to panic. Late effects of severe eéxposure appear to-be internal traumha and-
poss1b1y toxemia,

Mallory and Brinkley(199)in repotting on the victims-of the Cocoanut -
Grove dlsaster felt that the <¢ritical injury was the result-of some mhaled '
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xxrnta,nt, either phys1cal or chemu;al in nature, and that inhalation of flamiies
“could not account for this type of lesion.,

e i e e e D e - —

leand(nz) reporting on the 131 cases admitted to the Boston: C1ty
Hospital from the Cocoanut Grove fire suggests the inhalation of the veiy hot
air and fumes, which presumably contained many toxic products and numercus
hot particles of fine carbon or similar substances in the smoke as an
explanation of the respiratory tract damage. Carbon-like particles were
contained in the sputum raised for several days in some of the survivors,
and they were mixed with the exudate. found in the trachea and in the large
and small bronchi of the fatal cases.

Fiheberg(“l) states that the clinical manifestation of respirator
tract injury may follow noxious gas or smoke inhalation. Davis, et a1.(85 ),
concluded that many deaths; which are diagnosed as due to respiratory burns,
are more frequently .due to pulmonary edema and asphyxia re sulting from the
inhalation of either smoke of other fumes which have been produced by
combustible matenals. -

‘Some work has been done and other work is underway to define the
relative hazard of smoke emissions from the burning of specific materials.
A program conducted at Underwriter's Laboratories Inc., provided basic

data on which reasonable smoke limits, as determined by the ASTM E-84test, »

could be established but only regarding the hazard of light obscuration, (32 )

In short; it appears that smoke, per se, presents a rather podfly.:
defined physiological and psychological hazard in the event of fire, Little
qualitative ‘or quantitative work has been done to establish the degree -of s
hazard in individual fifes. None of the experimental work done of in: progr%ﬁs

appears to have any relationship to the mass. fire life hazard. - T

The personal experience of the authors, corroborated in chscussmns LE
with fire fighters, supports the coiitention that thick smoke can obsrure vision,

can cause excessive lachrymatmn, and can actually be painful when. mhaled
Urider the stress of mass firés, these effects couldbe exagge*‘atedxanu cowld‘
have an-effect on the survival rate... - S
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I} V. RELATIVE IMPOR'T‘ANCE OF COMBUSTION PRODUCTS

s In addxtzoru to recognizing the life hazard as presented by the various
parameters found within the mass fire env1ronment. it is important to under-
[‘ . stand their relationship with each other and the: rel2tive importance of each.
: As previously stated, the mass fire environment ic 4 complex and changing
one, dependént on many variables, a few of which are: (1) the composition of
[' fuel or combination of fuels, (2) fuel geometry, (3) venttlatton, (4) tempera-
ture, and (5) fuel denstty.

Perhaps the best gv,idenc;'e‘-should be available from the records of
actual mass fires such as occurred in Hamburg, Germany (1943); Tokyo,
Japan (1923 and 1945); San Francisco, California (1906); hicago. Illinois
: - (1871); Peshtigo, Wisconsin:(1871); and the large forest fire which covered

.‘ ~ 3,000,000 acres in northeastern Washmgton. northern Idaho and western
- Montana in 1910.

;; Accounts of these fires are largely subjective,and, in some cases, the
best the rcader can do is tS get an overall impression from reading each

o _‘narra’t‘we. .These 1mpressxons can then be pieced together, and, if a pattern is

O ev1dent~an -opinion- can :easonably be developed.

. \ -
Cgar e el oEe
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oo o Strch an op‘mzonwhas been forredafte:- reading thg accounts of Busch(sgz
S “Iv‘ Ilvame( 15)- Spenc*-r 20) Morns(234)g, Kennedy . and others that the
- .ore domma\nty hazardig,p th&operun a mass‘zﬁrmenvuonment is heat. Thesenar-
RN T raﬁvesac;coun‘ s:co;xta;m« mu.ny references de scnbmgﬂthe intense heatand the
Ve - ’relatwely fewd aths”resultmg dn'ectly froin therﬁres Leasor‘””descnbes the
- *"London fire of 1’666 ‘and - reports fonr deaths»’from fu'e--two persons were
_ tra*ppeu, Hne was: ogercomeﬂby“fumes when he: reentered @ burning building,
B -and one arefusn-d to: leave: h1s,hurmnga home. Conwell reports on the Boston.
. ‘Fire of 1872 ahd the;“"many -of whom ; gave heiy lives'' nd the "rumors of

- losses; of dreadful deaths. . The dﬂatns when exammed "losely by Conwell

wene mqstly fn'emen struck by fallmg walls or‘xtrappeu i bu?nmg structures.
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Rtmnnscences ’of Chxcago durmg the ‘Great'F 1re(21155 contam many
. referencee to. the "intense heat'" and "vxolence" of the wmd, hboweéver, there
-7 .are nvindications-of’ a.ny deaﬂrs occurring among the people rushing about the

T T RTC BV I

t -gtreets in \close nroxlmz.ty ‘to, the fires o0r even among oye: vrowdmg in the
- g darknéss mt"s the; ccmhng*water :)f Laiee Mh.hlga.n. -
. ? » v Cromte(a?’) reportmg on the chmago fire, cxtes severalincidénts where
TR the ftreme% and-titizéns ‘braved integpse heat in. attempts to: save property.
R The\wmd is. z;eported to haveu grevented the movemente\of trmned firemen, and
o the smoke is¢ited 2s suffocating isi one*ca&e. There are no réferences to any
" ““sbesrvations of dedth caused by éxposure to gases; sinoke, ot heat in the
sl streets,Ahowcyer, ,thera are; ‘severa,L referencés to.thé @evere conditions pre- ¥
xsented Bv the combmatlon of Wmd t.nd heat Whlch pr»vgnte,d travel in various g’
Z ‘ - - - o ~
3 28 BB e s -,
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areas of the burning city. The author reports that 120 bodies were recovered,.
" -most of Which were detérmined to have succumbed to the fire after havmg

__beentrapped. . . .. . . - o :

Accounts by Tyler(340), Morris(234), Sutherland(333), and Kennedy(166)
of the San Francisco earthquake and fire contain descriptions of death coming
to many by fire as a result of their being trapped in collapsed buildings.

‘These accounts are conspicuously free of any references to people dying as a
result of exposure to fire gases or heat in the streets.

Busch's{59) account of the Tokyo earthquake and fire of 1923 which
killed over 100, 000 people offers one of the best documented accounts of a
large mass fire. 'To some degree, the high loss of life—140, 000 if the missing
are included——may be attributed to the many burned bridges and the large
stored quantities of highly combustible goods which served to trap many of the
victims. However, the large loss of life is attributed less to these causes
than to one special factor. This was a change in the weather that occurred

during the fire. The reference here is to whirlwinds or tornados as the
author refers to them.

The deaths of nearly 40, 000 people who had gathered at the Clothing
Depot is described in connection with a whirlwind which was 100 to 200 meters
high ‘with a velocity of 70 to ‘80 meters per sec (160 to 180 mph). Busch
states that oxygen is plentiful even during a conflagration and that there is
"enough to sustain both the fire and the people—unless both are in the isame
place, in which case the people usually burn to death anyway. However, in
the case of fiery whirlwinds or tornados, this may not hold true. In Tokyo,
when a large whirlwind or tornado passed over an area, it often left so much
carbon monoxide in its wake that even those who had not burned to death died
within a very few minutes from the effects of the poison.' Such an incident
was described and took place near the Yoshiwara district where 600 died.

The bodies were not burned, and it is concluded that a "tornado'' passed over
the area.

Busch's report includes personal accounts of survivors who lived

through the intense heat while others in the imimediate area perished. In each

of these cases, the survivors were badly burned but could assign their survival

tc some gariment or barrier which protected them froih more éxposure to the
heat.

:Spencer(32°), reporting on the forest fires of 1910 which burned
3,000,000 acres over northeastern Washington, northern Idaho, and western
Montana, cites the personal experiences of a number of survivors. Fire-
fighting.crews were trapped and cut off from escape in this fast spreading
series of fires, and several accounts of survival from those present speak for
the conditions encounteréd. Many of these accounts are from reports of experi-
enced forest fire-fighting personnel. With few exceptions, the major hazard
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appeared td be the heat. Thére are numerous references to smoke and its
nuisance value in ,.-1flmg b'f‘eathmg-r-egne incident-is -reported-of survival .~
within the fire area in.a'cave. _Forty- -five ‘men sought enelter, and many -of
them ''soon became unconscious. frons the terrible heat, smoke, a,nd f1~re gas.

- - .

Five died as & result. : L - Sam el e

- v -
-

The ‘wind. vyas reported as.go strongithat 1t lifted men ouf fof their N
saddles and pushed the firé along at.20 to 7¢ ‘mph. Thére are several’ “eported“
survivals of fxre-ﬁxghtmg1 crews which suffered heat. Bo mtenae it "took my |
breath-away. "' Soirie-Were surrounded axrd 1terally overrun by the fueh On¢'"
forest. ranger sta*ed "a few yards beétow a great log jam, an 42ré or more in__
extent;" bec*a,me A-roaring’ ﬁ:’rnace a‘reg alar 'threatenmg ‘he]lf If the wind
changed a smgle blast from thts mferno»‘\vould w1pe us out. M .- o )

~
-

e e -
3

Hundreds ef thes€ hen were badxy ourned yet werer able;to sui ?V,we.
Men who went mad tried to escape. through the flames and werg "burned €0,
death.only .2 few-yaxds {rom where the rest-of thé men lay. " - In ong)unstance,
"140 men- caught in.a valley ndt 0" yards w:_de with 8ides’ arlssmg aBou,. 50C

feet on an angle of 45. degrees» and Cove“red with a thick: ‘growsh of imber, and ..

the bettoms. *eovereg WﬁH cedar t“ees that burn almost like tmdar'i- suwwed
when thé entlre\areaburned vt dxrectly over them vrthout ‘the loss of a smgle
man. Thus, allfactors consldered, the author gwes th»**lmpressmn that heat
was the primary hazard In-a few cases where some pro.»cuor”from the heat
was available, &sih a cave, the smoke and fire ‘gases apparently were suf-
ficient to kill a small. pencentage of - tb sneltered. e STl

. B - - -
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Kehrl( 154). describes. the ﬁnestorm i Hamburg dur,mg";World War I
and thé manner in Which death occurred. ~fl\/fa.'“iy “watted in sh ltersmnul the
heat and the obvious danger com;Selled-—s“ me fxmrpedlate *ae*xon. In»many
cases, they weremo louger dble toact ffy \themselves. : 'Ihey were already
unconscidus. 0% dead. f£6m ¢arbon monoxide poxson’i"ng. - Many Tost their hves
attempting escape through the stteets whéir theif clothes cauglit fire. For
some that rémained in the shelters, thé heat. hteraﬁy destroyed - any. trace of
them as reeognxzable human bemgs., Peopleﬂwno weTe attempting escape "£e11
down, overcomé: by the: devourmg force- of thé heat and died in‘aninstant.’
Dead were found in the streéts. "in every posture, quiet.and peaceful or
cramped, the death struggle shown in: the £expression on’ their faces. The
shelters showed the same plcture. Kehrl Cites: exammatmns <made which
concluded that death of fhany,, partlcularly fhose found in.a seemmgly peaceful
state both in shelters and in.the stieéts, was caused by c¢arbon .monoxides:
Kehrl also describes the violent WlndS'"Of the- fxrestorm whmh uprooted anhd

‘broke off trees a meter in- dxameter, T o -

Buettner(52) believes that heat radzatlon and carbon thonoxide ‘in the
air-raid cellars on the one hand; and mechamcal danger and Heat radiation in
the streets on the other, prevented escape of the people who afterwards were
killed. '"The victims escaping through the streets were surrounded by relatively
cool air, but were still within the radlatlon area of large conflagratlons "
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The United States Strategic Bombing Survey (USSBS)(349) concluded that dur-
ing éscape from overhéated shelters through ‘burning city blocks, the injuries
__were.chiefly from radiated _heat. _In addition, Baniecki noted shock as a large
factor in Lausing death to those people caught out in the streets. Shock was
ricted as the cause of death in 12.6 percent of all patients hospitalized from

Bomibed areas.

‘The USSBS further concluded that the majority of deaths was due to
carbon ionoxide poisoning. In Hamburg, Kassel, Darmstadt, and Wuppertal,
the estimate of the number so killed was fixed as ‘high as 70 percent of all
deaths by those interviewed in the survey. ''The greater number of these
cases were found in shelters slumped over in the relaxed position which is an
outward physical symptom of carbon monoxide poisoning.' The strength of
evidence for such conclusions obviously came from a large degree as a
result of the 20, 000 to 30, 000 autopsies estirmated by Professor Buechner,
consultant to the Luftwaffe,tohave been performed on air-raid victims.
Baniecki(21, 22) reports on the opening of a shelter in Hamburg some thirty
hours after the air raid; the intense heat prevented an earlier entrance.
Forty-three bodies were found, '"They were seated on benches, some leaning
back and some forward as if they had fallen asleep. Clothing apparently torn
-off and lying around led one to suppose that the occupants suffered very
severely from the heat." Thirty bodies were examined and three were autop-
" sied. On the basis of chemical blood tests (tannin test, formalin test) which
" indicated the presence of carbon monoxide, it was concluded that all forty-
three occupants of the air-raid shelter died of carbon monoxide poisoning.
This possibility, that of .carbon monoxide deaths in shelters, seems to be
strongly supported by a report of\carboxglhemoglobiri saturations as high as
95 percent found in many shelter dead.

Thirty-six hours after the raid, twenty-four bodies were examined
externally from a shelter at Barmbeck, and five of these were autopsied. A
positive reaction to the carbon monoxide in tannin and formalin blood tests
was found.

In an attempt to study the causes.of death to those persons who died in
the streets, Baniecki performed autopsies on four persons. On the basis of
results obtained from these autopsies, it was concluded that two died from
carbon monoxide and two died from burns.

Baniecki also investigated deaths that occurred in Bremen after a large
air raid. These investigations were particularly aimed at identifying the
cause of death of those people seen fleeing from their shelters but who died
after taking but a few steps in the open. Three bodies from the Bremen raid
were autopsied .eighteen hours after the start of the raid(22), Baniecki deter-
mined the carboxyhemoglobin content of the three bodies to be 11, 5, and 14
percent. This was concluded to be a sublethal dose of carbon monoxide, and
the cause of death was stated as follows: "To sum up, there was foundthe
condition of tissues. of the upper breathing tubes and lungs damaged by the
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inhalation 6f hot air. The interchange of gases prevented by the stasis was
aggravated by the .cedema of the-lungs; by-haemolysis-and by ‘thé consequent
interruption of the respiratory epithelium of the lungs. Very soon a condition
similar to that of suffocation arose which caused the death of those lying in

the street even before the full effects of the heat were felt.,"

The USSBS(350) gtates that ""High temperatures will destroy carbon
monoxide hemoglobin. Putrefaction will not destroy carbon monoxide hemo~-
globin,' This statement further clouds the issue. Perhaps those victims
autopsied by Baniecki, who had 11 or 14 percent carboxyhemoglobin in the
blood, may have had higher blood saturations which were destroyed by the
heat which was determined to be the cause of death. In addition, the tannin
and the formalin tests used are only rough qualitative measures and are not
quantitative tests(279),

Earp's(98) conclusions are in agreement with Kehrls in that heat
and carbon monoxide were the two most frequent causes of death. She states,
"Inthe streets, deaths from heat effects predominated, whereas in the shelters
the deaths were mainly due to carbon monoxide." Earp continues, '"Various
estimates have been made of the proportion of the total deaths due to carbon
monoxide poisoning. Such estimates which vary from 80 percent of all deaths
(USSBS No. 65, page 28){351) to 20 to 30 percent (Baniecki, 1950) are little
more than informed guesses since the number of autopsies performed was too
small for a reliable estimate to be made.' Lack of oxygen or an excess of
carbon dioxide in the streets is ruled out as a possible cause of death because
of the high rate of natural ventilation.

Earp cites Graeff as performing fifty-five autopsies on shelter victims
and concluding that death was probably due in thirty-four cases to carbon
monoxide poisoning, in five cases to the excessive heat with carbon monoxide
poisoning also a possibility, and that in the remaining sixteen cases death
might have been due to either or both of these causes. Thus, Graeff concluded
that as regards deaths in shelters, carbon monoxide is the dominant factor
and. that this is followed by heat exhaustion as the most frequent cause of
death.

Earp notes that many deaths in the streets were ascribed to carbon
monoxide and concludes that many of these deaths were due mainly from
receiving a lethal dose of carbon monoxide. in the shelter from which they
escaped. This uptake of carcon monoxide was then enough to cause collapse
when the effort of escape was made. Earp states, '"There is no evidence con-
cerning the percéntage of carbon monoxide present in the streets, ‘but it seems
likely that generally it was present in insufficient quantity to cause death before
the victim succumbed to the excessive heat."

Leutz(183) states, "The predominant cause for the majority of fire

victims, even in the open areas in firestorm areas is hyperthermia. Inonly a
few exceptional cases does carbon monoxide poisoning come into question, "
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. _Also, there is evidence to-the effect-that-many shelters-were overcrowded by

a factor of 2 or 3; however, no deaths are reported in these instances due to

—-—— —the=~internal Heat 6f carbon dioxide buildup, even where the ventilation units

hadtobe shut down because they were bringing noxious gases and smoke into
the shelter,

Miller and Kerr(223) interviewed Leutz during the course of a visit to
Germany in 1965 and Leutz "emphasized (repeatedly) that heat (hyperthermia)
effects were the main cause of death in all the mass fires in Germany, and
stated that in no individual case could it be established that either lack of
oxygen or the presence of carbon dioxide was the cause of death./" A minor
secondary cause of death, he said,''was the presence of carbon monoxide
(i.e., some people were poisoned by the gas).' Dr. Leutz was in Hamburg
during the large raid of July 1943. The graph of the firestorm temperature
that he estimated is presented in Figure 2.

Miller and Kerr also interviewed Brunswig (Fire Chief of Hamburg)
who said that fire was the chief cause of death and destruction, and its effects
were much more severe than the blast damage; in the open, the hot air was
the major cause of death. In one case, he noted (from a photograph of a group
of dead people in the street) that death in the open occurred at a distance of
150 meters from the nearest burning building. As a result of previous pre-
liminary evaluation, Miller concluded that "the major out-of-door hazard to
life, in large fires, is the exposure to heat radiation and/or to contact of the
skin with the heated air. "

In a recent preliminary evaluation of fire hazards from nuclear detona-
tions, Miller(222) 1ists the major hazards as heat, carbon monoxide and car-
bon dioxide (plus other toxic gases) and oxygen depletion. ''The major out-of-
door hazard to life, in large fires, is the exposure to heat radiation and/or
to contact of the skin with the heated air. The skin surface burns resulting
from such contact are considered to be more important causes of fatalities
than is the breathing of hot air." Carbon monoxide is recognized as the 'pre-
dominating toxic gas produced in fires, ' and it is suggested that '"oxygen
depletion in mass fires is not a major cause of casualties.' ''The major
causes of death in sheltered spaces appear to be related to the fact that burning
‘rubble may cover unsealed shelters and the shelter's air intake. The incom-
ing air, drawn past the burning fuel or the remaining coals, contains high
concentrations of carbon monoxide, is hot, and is depleted in oxygen,"

In a studg of the effects of mass fires on personnel in shelters, Broido
and McMaster s( 7) concluded that extreme carbon rmonoxide concentrations
are to be expected and that oxygen depletion and high -carbon dioxide concentra-
tions may also occur. The effects of the oxygen and carbon dioxide will be' of
consequence only if some steps are taken to eliminate the carbon monoxide

hazard when it is. present in such high concentrations.
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Reports by Yuill and Bieberdorf(385), Zap.(386), Dufour(95),. , : LA
© Claudy{74), and Easton(99:T00) jean strongly toward carbon monoxide as B
-~ the primary hazard; however; the -contributing efféct of ‘a host-of other noxicus 4
gases and smoke in the presence of heat is récoghized as possibly being the
cause of asignificant synergism resulting in rapid death.

a -
¥ ,’

After the presentation of such a list of opifiions, a conclusion is in
order. It does appear that there is a strong.opinion held by most investiga-
tors of the mass fire life hazard that the primary hazard to those in the open
is heat. Pearse(265) notes that 90 percent of the Japanese who sought aid
in the first week aftet the atomic bombing did so because of thermal burns,
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| - Figure 22 is an erstirn(atq of a firestorm intensity; a conflagration is, of course, ::;'
l .much shorter{242), The fact that otner hazards are present and may frequently ‘:

, :,:;Aé,ppea‘.r as the primary cause of death is recognized. The combined effect has 1y
| also been considered; however, the state-of-the-art has been such that defini- f%
! tive relationships are unkagwn. Gaps in the knowledge of both the effects of %
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~ combinations of heat, noxious gases and smoke and also of brief. exposures_tohigh-con-
centrations of eachhave led past investigators to the conclusion that the most toxic
.-~ ~hazardpresent: -is-the:primary-cause-of-deathrwithoutconsideringother possibilities. -

There also appears to be considerable agreement as to the cause of
death in shelters, and this agreement can easily be appreciated when the
investigations are examined in terms of the exposure conditions. The chief
hazard in unsealed shelters is the exposure to rubble collecting over the exits
and ventilation ports causing heat, carbon monoxide, and other fire gases to
enter; if the shelter is closed and protected from this rubble, the chief hazard
is the exposure to the enduring heat of the mass fire environment which exists
around the closed shelter. ''Casualties in shelters (from air raids and result-
ing fires) were principally confined to apartment building shelters where per-
sonnel were often trapped by collapse or fire. 1(98)

The two exceptions to these conclusions are noted by Leutz who disre-
gards the hazard of carbon monoxide and Magnus who states that most of the
people who died in the bunkers in a Mannheim raid of 1943 died because of
lack of oxygen(223),

There has been considerable interest in the medical profession in
defining the exact cause of the deaths ascribed to hyperthermia, While there
is general agreement among the investigators on the nature of the physio-
logical response to heat, there is also a deeper searching for a better defini-
tion of the cause of death of "hyperthermia."

The Cocoanut Grove disaster is probably the best example of fire
deaths offering a puzzle to the medical profession. Two of the principal
investigators of this incident, Phillips of the Massachusetts General
Hospital and Finland of the Boston City Hospital have recognized respiratory
tract injury as the primary cause of dedth in burned patients, This respira-
tory tract injury ‘s ascribed by both investigators to the inhalation of the
products of combustion. In another study, Phillips(272) reports that 181
patients culled from the records of 932 burned patients were investigated, and,
in 150 of these cases, the difficulties are attributed to damage to the respiratory
tract resulting from the inhalation of noxious products of incomplete combus-
tion. The importance of this factor as a cause of death in the World War II
mass fires is not known and may not have been fully considered.

Several investigators have undertaken experimental studies to deter~
mine the relative importance of some of the variables in an attempt to define:
(1) those of most importance, and (2) their relation to each other. The work
by Zapp 3 , previously mentioned, was specifically designed to this end. As
a result of this work, Zapp concluded that the most important lethal factors in

conflagrations under conditions of poor ventilation .are oxygen deficiency, -~
carbon monoxide, and heat, all of which contribute to anoxia. Under conditions o
of good ventilation, heat would be the dominant factor. Thus, for a given
quantity of fuel, the chances for survival would be better under conditions of *
, N
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good ventilation, Zapp concludéd that it did not seem necessary to postulate
the presence of other toxic .gases such as nitrous fumes; phosgene, hydrogen
cyanide, hydrogen suifide (although these may be present and sxgmﬁcant in
special circumstances) in order to account for the death of casualties in con-
flagrations where skin burns are present, or appear to be. of minor impcrtance,

Finland(112) comes to a similar conclusion from his studies of the
Cocoanut Grove disaster victims by virtue of the fact that there appeared to
be no correlation between the location where the persons were found and the
amount of respiratory injury sustained. Thus, it was concluded that the
respiratory irritant was directly related to the heat and flames of the fire as
opposed to any specific irritant independent of the usual products of combus~

tion.

The problem of defining the cause of death in fire victims is well
pointed up by the ad hoc panel of the Committee of Pathology of the National
Research Council. After studying forty-one autopsies conducted -on fire
victims, the panel concluded that respiratory tract damage can be and has
been overlooked at autopsy as a result of the lack of systematic examination
of the entire respiratory tract.

There appear to be two distinctly different life hazard situations in

‘mass fires—-one in the open and the other in enclosed spaces. Review of

the literature indicates heat as the primary cause of death 'in the open. While
there was not complete agreement, the majority of opinion appears to be that
carbon monoxide is the primary cause of death in closed spaces. In each case,
the presence of the other factors plus the hazard of noxious gases and smoke
is recognized, but their significance has not been established.

There is one further distinction that must be made regarding deaths
in closed spaces in World War II, and that is, these deaths occurred only in
those spaces which were directly exposed to burning structures, high: concen-
trations of combustion products, and the latent heat from burning or smoldering
rubble. In the latter case, heat also is suspected of being the primary cause
of death. Medical research indicates that the primary cause of death in burn
patients in closed spaces is respiratory tract injury, and this is suspected to
be caused by the inhalation of noxious gase3, smoke and heat. ‘Carbon monox-
ide and reduced oxygen have never been r¢cognized as the cause of any altéra-
tion in the respiratory mucosa.

The importance of synergistic effects has been recognized, and pre-
liminary tests have shown its significance. A true definition of the mass fire
life hazard requires a complete inderstanding of the combined action of the
principal elements in the combiistion products from building fires.

Until such time ‘as the éxact nature of mass fires (conflagrations, fire-
storms) is understood or better defined, the nature and effects of the various

-combinations of combustion products therein can only be conjectured.
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 VI. FACTORS AFFECTING.SURVIVAL INMASS-FIRES

0 A deﬁmtion of the mass fire life hazard involves three faetors. (1) the
abnzty of any chosen shelter. In prevmus sections of thxs report, the mass
_fire environment and the l1fe-safety limits of man have béen discussed. In
" this section, thé factors affecting survival in mass fires will be considered.

The present OCD program involves the provision of fallout shelters,
and, tothis end; surveys have been conducted to choose buildings with the neces-
sary ﬁrotéctxon factor, selecting the areas within these structureés to be oc¢cu-
pied for periods up to two weeks, and stocking them with the necessary
supplies. (254, 255) These shelters are located primarily in the centers of
large urban areas. In the event of an attack, it is obvious that many people
will be forced to seek refuge wherever possible. Some will be iii designated
shelters, both above and below ground. Othets will be in homes, baeements,
vehicles, commercial buildings, apartment buildings, public buildings, sub-
ways, and sonie may be caught in the open.

With the information known to date, it is impossible to predice the
mass fire life hazard in any one of these 'situations other than to foresee high
mortality in .some structures which are completely burned out and relative
safety in others. Nevertheless, this.discussionis still worthwhile if for no
other reason than to recognize the types of situations that may be anticipated.
Some of these are-as follows:

Conngratxon = No Fallout. There have beenmany peacetime conflagratmns

in history, anda brief review of these reveals. that life safety is periled

but not seriously endangered. ‘Chandler; et al. (68, 69) reporting on

fire spread in urban conflagratmns estimated their speed at from

0. 014 mph to 4. 536 mph. The average speed of twenty-two reported =
fires was 0..134 mph. Such fires cause a great deal of confusion :
ahead of them; however, theré does not appear to be any great: diffi-

culty in escaping their path. The loss of lifé in conflagrations has

occurred in those iristances wheré people have been trapped by: o %
(1) failing debris as in an earthquake, or (2) encircling fires which ’ ‘ 3
have sprung up from a number of separate ignitions such as in large
forest f1res set by lightning strikes over a large area. -

Tt is -hqteworthy tjhét conflagrations have occurred whichglﬁﬁ?!'lggl:tl‘xeir' *
way through populated areas without the loss of a smg’le life,, The 7,
Los Angeles fire of 1961, which burned its way through 513 homeés - :
and 24 bu1ldmgs, covered an area of 6090 acres and had a penmeter : i
of 19,6 thiles. No-one was k1lled.(374) In 1923, a grass firé swept. ‘
into. Berkeley, -California and burned 640 bu:ldmgs ovef an-area of

130 acres without-the loss of a single 1life.(239) ' These fires are not
expected to be ;y,pu:al of those: to be encountered in war, ‘The: fites

(]
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started by either a thermonuclear weapon or incendiary bombs will be ! i
numerous, and, ifa. singlé mass fite approaching or equaling a firestorm

_is_riot developed, a series of conflagrations may be expected. Such.a -
fire would then threaten the populace by cutting off escape routes much

the same as in the Tokyo fire of 1923(59) or the San Francisco fire of

(]
1906, (166, 234, 333, 340 l

i

|

The loss of life under such circumstances would depend greatly upon

the people's actions. If escape were attempted, some deaths- probably

would occur in the open if people become trapped between fires. If

the populace took shelter and made no attempt to escape, the survival

rate would depernd largely upon the adequacy of the shelters. The

majority of people in Hamburg did not seek escape because: (1) they

had confidence in their fire-fighting forces who had successfully con-

trolled the fires from previous raids, and:(2) the constant stream of ¥
high explosive bombs kept them under cover . (223) !;

Where the building density is 40 to 60 percent and higher, the loss of i

life is expected to be high. (38, 183) The separation distances will be

smaller, and the outside exposure conditions of heat, carbon monoxide,

smoke:and noxious gases would be more severe. . l
!

Conflagration - Fallout. The fear of fallout would tend to inhibit those

wanting to escape throigh the streets and thus in¢rease the population :
of shelters. In the case of a conflagration with fallout, some will be "
in shelters attempting to wait it out, and-soine may still attempt to

escape or perhaps seek a different shelter area. Those that seek

shelter and stay there again Wwill survive in direct relation to the

shelter's capacity to-protect from the mass fire environment. In this

case, the nature of the fire may not bé of much concern, for whether it

is a conflagration or a firestorm may be academic, i.e., being in the

middle of either one may be essentially the same.

the populace is in ‘much thé same situation as.those in Hamburg. If
escape:is elected, the success: depends oh'the dlstance to the -edge of
the firestorm, speed-of the escapee, and the rate

the firéstorm. If shelter is chosen, then the sr.tuatxon is sumlar to the
conflagration; i.‘e., survival‘now depends on the shelter's ability to 1

Firestorm = No Fallout. Where a firestorin develops with no. fallout, l

protect the:occupants froin the mass fire environiment.

Firestorm = Fallout, Inthis ¢ase, the populatmn, if'warned and ;
«knowledgea‘ble, . Will attempt to -seek permaneit shelter for the duration
of the five and unsafe peritd: of fallout. If thé weapon is exploded at )
Tow-altitude so thatthe fireball doestouchthe:earth; the fallout may i
“fiot arrive nnmedxately, thus: allowmg escape from the firestorm area. &
'Once égcape: from the firestorm area is accomplishéd, protection '
~£rom the £allout must’ then be found for ‘those in-its path.

I
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In each of the & ituations usted in the prev:.ous paragraphs. people w111
be seeking shélter in all types of structures, and each must be considered:for
its capabilities in each of the situations. A review of designated a1d stocked
shelters by Varley .and Maatman(357) indicates that fire-resistive construction
is prevalent, not all floor openings are protected, average occupancy is of a
commercial or public nature, most designated and stocked shelters are below
ground, and mcst of the sheltéred population will by necessity be in above-
ground areas. Considering these shelters in terms of fire vulnerability, it
was found that each could be considered in terms of the following:

"1, Pire would be contained within the floor of origin in fire resistive
~structures in several occupancy groupings. Schools, churches,

offices, banks, residentials, and telephone exchanges would
resist fire spread either when a good degree of subdivision exists
- ’ within each floor, or when all floor to floor openings are protected.
Manufacturing buildings with low combustible loading (1-3 pounds
per square foot), and those with moderate loading having protected
floor openings would also resist the spread of fire.

12: Well-subdivided structures capable nf preventing fire spread-away
from the floor of origin would require only minimum efforts by
occupantsto prevent smoke and toxic gases from reaching dan-
gerous levels. When such structural characteristics are lacking,
special equipment and materials must be employed by occupants
to effectively minimize the spread of smoke and toxic gases.

"3, Approximately two-thirds of the surveyed buildings in 'downtown'
areas and one-third of those in éxclusively residential areas were
exposed: to ignition from. nearby burning structures. Approxi-
mately one-half of all bmldmgs exposed to 1gmt1on from adjacent
buildings could be exposed on mote than one side.

"4, With few exceptions, fire suppression by shelter occupants could
be effectively accomplished: with sufficient portable extinguishers.
Properly supplied standplpe and hose or automatic sprinkler
systems will contrgl fire in those exceptional occupancies where
rapid. fire buildup is. characteristic; or whete access to combusti-
bles is prévented by considerable bulk storageor concealed com-
bustible building construction. ‘

ng, .
: 9£ shelter buzldmgs 18 ‘sxgmf;cant only when storage of .the com-
bustible portion of these supplies exceeds 100 square feet -of
floor area and when the normal-occupancy fire loading is rela-
tively light. Such conditions occur when stocks for large shelter

-89

N i
ot 1At et

:

WWW?}W% PRI RIS A B8 e S s % L

!

o




areas located on several above-ground floors are stored in one.
Tocation. In most cases, combustible shelter supplies will occupy.
__less than 100 square fest. when the shelter-irea-and its-supplics

are located on the same floor."

The fire suppressionefforts by self- help teams were developed in a
previous report by Vodvarka and Waterman. (361) In this analysis, the ,
authors concluded that an ignition in the shelter building could be satisfac-
torily controlled through containment of fire in a portion of the building by
means of structural fire resistance or through rapid-discovery and extinguis-
ment by shelter occupants. This reliance on fire extinguishment will, it is
said(357), give favorable results when occupants are adequately organized,
equipped, and trained for fire fighting and where these activities are not
curtailed by nuclear radiation. The order of preference is given below
using shelter building categories developed in the previous analyses by
Vodvarka and Waterman(361);

(1a)

(1b)
(1c)
(2)

(3a)

(3b)

Fire Limiting - No combustibles outside shelter areas,

Fire Limiting - Fire gases controllable without special means.
Fire Limiting - Fire gases .controlled with special means.
Suppression Dependent

Untenable - Fire not controllable with portable extinguishers.

Untenable - Problem other than extinguishment.

Further definition of'these categories is as follows:

(1)

Fire Limiting_

Fire limiting buildings are those in which fully developed
fires originating outside shelter floors will not progress to the
shelter. The analysis indicates that shelter buildings resisting
the spread of direct fires would mainly include those used as
schools, churches, offices, banks, residential types, telephone
exchanges, and manufacturers with low combustible contents
loading. A method for selection of fire limiting buildings is
presented by the authors. )

As: the resistance to direct spread of fire does not preclude

possible spread of smoke and toxic gases, this characteristic
of fire limiting buildings must be determined separately.
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{2)

(3)

1.

- Suppression.Dependent. -

" This inteFmediate fire vulnerability level denotes those instances

where fire spread cannot bé adequately resisted by the building,
but it is possible to exiinguish incipient fires using portable
extinguishers. This level includes all buildings not specifically
falling in either of the other two categories [(1) and (3)].

Untenable

This fire vulnerability level consists. of buildings where extin- .
guishment of fire using portable equipment is considered
unfeasible due to excessively rapid fire buildup, or concealed
or inaccessible combustibles. Identification of buildings having
these characteristics can be made from the following illustra-
tive situations:

(a) Buildings where explosive vapors or dusts may be present,

such as automobile garages and certain types of industrial
occupancies.

(b) Buildings with significant accumulations of wood scraps,
paper, and textiles.

(c) Buildings having combustible stock piles and/or without
adequate aisle space between adjacent piles.

(d) All buildings of masonry and wood frame constructions,,

as in these structures concealed and inaccessiblé combusti-

ble predominate. (361)

Self -Help and Shelt{er Integrity

The effectiveness of self-help fire suppression efforts is serlously

questioned by Degenkolb( 87) who ‘believes. that in the event of a nuclear attack

where blast and fire are factors, shelterees would not be able to move through

the buildings in time to control or extinguish all incipient fires before it
became necéssary for them to return to the shelter to avoid radioactive fall-
out. Degenkolb. also contends ''that there are practically no buildings of the
'fire-limiting type.' Presentday building construction, with its extensive
use of glass, inadequate protection of vertical shafts, dependeénce on sprink+
lers (which would no longer be: 6perable), and the combustibility of contents,

makes the possibility of any established fire being confined: to the floor of

origin quite remote., "

‘Many examples. could ‘be cited.of ‘peacetime ‘building fires where

an entire floor of a fire-resistive building has: been gutted without serious
damage to.adjoining floors. Whether nonprofessional fire-fighters with first
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aid equipment would be equally successful.is a moot pojnt. The lesser damage
- - - -byfire-in-Berlin-thanin Hamburg is attributed-by-Bond>-tobetter fire |
geparations. If burning rubble is a factor, it must be remembered that fire
“separations in fire-resistive buildings are for from 1 to 4 hr only.

Other examples could be cited of fires spreading through inade-
quately protected vertical openings rlxd froa'n flgor to floor by way of outside
windnows in fire-resistive buildings. 2, 220, 245)

Generally speaking, the fire-resistive structures with good fire
divisions, fire doors, and protected vertical openings are expected to provide
a considerable amount of protection. The degree of this protection may be
directly related to the density of ignitions throughout the structure and the
density of fuel in relation to shelter location.

2. Typical Designated Shelters

An inspection of designated civil defense shelters in buildings
in one city indicated that many of these structures are not ¢f the best fire-
resistive type; i.e., many .are of noncombustible construction but do not have
interior cutoffs, fire doors, low fire loading, protected vertical openings,
and other such features that exist in a well designed fire-resistive building.
The shelter areas, it should be noted, are chaosen primarily for fallout pro-
tection rather than for protection from mass fire. (255, 256, 258) ‘

a. Internal Exposure to Combustion Products

Within.these structures, it is not necessary to have a
raging fire to menace the shelterees. Theé production of smoke, noxious gases
or heat elsewhere in the structuré¢ may place their life in jeopardy. Osera-
tion School Burning, conducted by the Los Angeles Fire Departmen’t;(l‘ 5, 196)
tests on smoke invasion by Fackler;(108) and reports of the Cleveland Clinic
and Hartford ‘Hospital Fires 161) pear witness to the effects of the travel of .
combustion produ};ts ‘throughout a building.

Experimental fires by Brucg(,46) developed internal build- -
ing pressures of 0.03 in. of water. Countrymar‘x('ysz) found positive pressures
in the center of three fires and concludéd from his data that the increase in
pressure might be greater than 0.05 in. of mercury. These pressures "o
developed by the fire itself are capable of forcing the combustion products:
into areas of the building remote from the fire.

RENLION

Likewise, - it would appear that maintenance of a positive
pressure within the shelter area might effectively keep out the noxious fumes.

Preliminary experimental work would appear to support this theory.(313? -
& -2 ;;'
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cspaceSf are not adequate to protect the surrounding population from: other than .
Aallout:{which is their prime function), and many will seek shelter in all types

.dependent and untenable type. In this case, the shelterees will be exposed
to all the hazards previdusly mentioned in addition to those that such struc-
tures present. It.is doubtful that such structures will provide any reasonable

A
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The heat released by a comparatively small fireina ,»-i-
‘sheélter may be a serious factor. Johnson and Ramskill 159) have calculated 43
the temperature rise in.a..6500-cu.ft shelter due to-the heat release from a ) ==
small fire, Their data are shown in Table 17.
TABLE 17, HEAT RELEASE FROM A SMALL FIRE
IN A 6500-CU FT SHELTER
Fuel Consumed, gm Heat Released, Adiabatic Temperature
Cellulose Hydrocarbon K Cal Rise, °C
460 230 - 2300 42 3
920 4600 - 4600 - 84 o
1840 9200 9200 168 3,-
§’ R
- - ) i%_;:;
‘Theseé calculdtions assume no heat loss to the walls or IR g
équipment, nevertheless-they must be considered carefully in regard to the B i
life-safety hazard presented. - i

b.  External Exposure to Combustion Products
o o
In addition to the hazard from combustion products gener- %
ated within a burning bu11d1ng, there also exists the hazard of combustion . -~ /}}
px:qdug:ts entering a building from:-the outside; i.e., through open or broken-- i
windows, doors, ventilator .shaits, :or air-conditioning ducts. This situation.- &
poses the: greatest threat-to:those areas in buildings on the above-ground T A
floors which-are exposed-tdithe mass fire environment through plain glass~ == " e
windows. Many off‘thg‘s,e ateas have evenbeen designated as shelters by o B
o h o ps ; . : .- p
OCD on a square footage basig(i.e., 10 sq ft/person). Adequate ventilation - - .~ = -
is said to be provided by opening the windows. w ;5 -
These areas will be subjected to overpressures from a 2; i
nuclear weapon, andthé glass may be broken. Occupants of these areas will j"%ﬁ
then be exposed to firebrands, heat, smoke and noxious gases. Upward ;
spréad of fire from lower floors might produce the same results. L 2

3. Nondesiggated Shelters‘ I &

In the present situation, it is obvious that the designated shelter : :

of buildings. The majority of these structures will be of the suppression
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degree of protection:to shelterees in the midst of a mass fire environment.

- -- --The-only-possibility for-safety-would & i an"area of such a building whére the

construction would provide a vault or a fire-resistive section within which

~ “protection {rom the fire would be afforded. In such a case, _smoldering débris
would be. of major concern where it might block an exit, cut off ventilation, or
cause an.increase in temperature within the shelter.

B. German Shelter Experience

o It is estimatéd that about 40, 000 of the 280, 000 people iin the Hamburg

“firestorm area were killed. (98) Considering the vioclence of a mass fire, it
is remarkable that some 240, 000 people survived a hazard which was never
expected or even realized by most people.

There were four main types of shelters in Hamburg described as
bunkers; splinterproof shelters, public cellar shelters, and private basement
shelters. Survival in the bunkers and splinterproof shelters was high; in
fact, Earp reports that all those sheltered - in these types were unharmed (the
U. S. Strategic Bombing Survey Repqrts( 349, 352) and the Hamburg Police
President's Reportl164:165) are cited as evidence).

Regarding the basement shelters, both private and public, Earp states:

"No estimate is made in‘the various reports of the proportion of peo-
ple who survived the raids in these shelters and were able to get out
by their 6wn efforts when the raids ceased. On reading the descrip-

- . tions, perhaps somewhat highly coloured, of conditions in these shel-
ters one is left with the impression of a very high proportion of
casualties. However, since it is estimated ... that there were in the
Hamburg fire-storm area some 227, 000 people in communal or private
cellar shelters of whom about 40, 000 were killed, over 80 percent of
the cellar shelterees rnust have been saved either through remaining
in the shelteérs throughout the raid or by escaping to some safer place
while there was yet time: 9

The U. "S-.‘:;S!:ra;té‘gwic qubin‘g Survey(35“1) states:

4
"Casualties: in shelters (from air raids and resulting fires) were
principally confined:-t6 apartment bu lding shelters where personnel
were -often:trapped by collapse or fire."

‘This agrees with Earp's statement and indicates that the majority of deaths
in Hamburg occurred in basement shelters under buildings which burned and
collapsed.

Appendix 19 of the Police President's Reporat(‘lss)“ contains brief
information on thirty-three shelters in the Hambui'g area. The appendix
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contains a déscription of each shelter and the fate of those who took shelter
within: ~Nineteerr of ‘thésé shélters wére identifiable by the present aiithors
and have been plotted on a map of the Hamburg firestorm areas for the purpose
of discussion. See Table 18 and Figure 23.
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Of the nineteen shelters plotted, nine (possibly eleven) are within the
firestorm area reported by Bond(30), five are within the area reported by the
ussss(351 , and three are in the firestorm area reported by the Police Presi-
dent Kehri{164), Deaths are reported in nine of the thirty-three shelters; in
six cases, the cause is concrete loosened by concussion or the direct hit of a
high explosive bomb; and, in three cases, the cause of death is reported as
the result of fire. Seven of these nine shelters have been plotted; and it
should be noted that all three shelters with fire deaths (Nos. 9, 10, and 11)
are definitely not located within the fire zones (those marked by a 4 could not
be located precisely, although they are on the correct street). It is possible
that the three shelters with fire deaths could all be located within the fire-
storm areas reported by both Bond and the USSBS, for there is an overlap
which could possibly satisfy the adresses of all three shelters. Two of the
six shelters reported as having deaths due to falling concrete (Nos. 24 and 28)
are located within the area noted by both Bond and USSBS and are reported as ¢
having two occupants killed in one and three in the other. Shelter No. 20,
also one of the six reported as having deaths due to falling concrete, is located
within an area noted by both Bond and the Police President Kehrl as a fire-
storm:area. Three shelters reported by both references in the firestorm
area had no deaths or injuries (Nos. 12, 19 and 26).
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Of the reported shelters, ten are classed as splinterproof types,
seven as bunkers, six as private, and nine as public shelters. The fire
deaths all occurred in public shelters. This loosely agrees with Earp's con-
clusions that no fire deaths occurred in bunkers or splinterproof shelters.
The fact that no deaths are reported by fire in nine of the twelve shelters in
the firestorm areas reported by Bond, USSBS, and Police President :Kehrl is
evidence of the survival possibilities.

R

[

Appendix 19 of the Hamburg Police President's Report(165)' cites
several shelter incidents where fire bombs completely destroyed a building
directly over a shelter and the occupants were safely protected. Such cases
are reported in private shelters as well as bunkers (see Table 18)..

L e i,

B SN

It has been estimated(98) that the survival of 240, 000 people (out o
280, 000 estimated to be present) in the Hamburg firestorm area ''might be
accounted for as follows (see also discussion on page 109):

- .
AR S

Rescued by Police, Medical, Rescue and Armed Forces 30, 000
Rescued by Fire and Decontamination Services 15, 000
Survived in nonbasement shelters (100 percent
of occupants) 53, 000
Survived in basement shelters or escaped by their
own initiative 142, 000
. 240, 000"
95
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TABLE 18, SHELTERS LOCATED WIT

S . ... In.Firestorm Avea. . _ ... - ____ Deaths/Occupants{165) B -
Shelter Number Bond(30) " ussBs(346) Kehrl(164) Fire Falling:Concrete {i#

Private Air-Raid Shelters.

! 0 0 0
2 0 0 “ 5
3 0 0 i
4 0 0 3

ERW,

Public Air-Raid Shelters

5 0 0 :
6 0 0 &
7 0 0 S
8 0 0 ‘4
9 ? ? 15/65 0 b
10 ’ ? 67/97 0 b
1 X ? 23/53 0 &
12 X X 0 0 >
N

Special Undergroind Splinterproof Buildings

17 X 0 1/52
18 X X 0 0
19 X X 0 0
20 X X 0 12/150
21 X 0 0
22 0 0
Special Partially Underground Splinterproof Buildings : :
23 0 1/300 Hoo
24 X X 0 3/3 th
Spe cialf)Abovegxtound Splinterproof”Buildinng's;
X
25 0 23/35 445
4 53
26 X X 0 0
Bombproof Surface Shelters
27 0 0
28 X X 0 2
Reinforced Concrete Shelters
29 0. 0
30 0 0
i g —p— o P
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B WITHIN HAMBURG FIRESTORM AREA

.. . . Comments“bs)

_ All occupants safe. Buildings completely destroyeéd by fire.

Seven safe. House blown away by air mine.
All safe., House demolished and burned out.
Twexityeei'ght safe. Complete collapse of house.

One-hundred twenty-five occupants survived, Severe fire damage.
House burned out and collapsed. All 40 escaped. safely via concrete reinforced exit.
House burned out and collapséd., All 140 rescued (nét plotted in Fig. 23);
All 15 rescued.
When fire started, 40 to 50 left shelter; remiaining 15 were killed. Shelter held.
Wheén fire startéd, 30¢left; remaining 67 died from asphyxiation or smoke. Shelter held.
When fire started, 30 left; remaining 23 died from asphyxiation.
The 650-capacity shelter withstood 3 explosive bombs 40 meters away. The 75-cm
masonry- reinforcements showed extensive splirter damage. Shelter undamaged.
All occupants exited safely.

One person killed-by falling concrete; the other 51 in the shélter were unharmed.

One of two entrance structure roofs torn off; gas sluice doors bent inward. No persons
injured.

Entrance constructed of masonry sidewalls and concrete ceiling fell over; outer gas sluice
door bent inward, but exit remained useable. No persons injured.

Building received-direct hit; gas sluice door bent outward. Twelve of the 150 occupants
were killed’by falling concrete.

Entrance structure of masonry and concrete fell ovér, blocking exit. No persons
injured.

Negligible damage, no injuries.

One exit completely destroyed; otherwise, structure intact. One person killed:in sluice,
remaining 300 unharmed.
Direct hit; damaged beyond repair. All 3 occupants were killed by concrete debris.

Direct hit; damaged:béyond repair; concrete-density unsatisfactory. Twenty-three of 35
occupants killed:-by concrete (not plotted in Fig, 23).

‘Direct hit; minor damage to walls. None- of the 475 occupants were injured.

Near kit; one person injured-in:the back: No other injuries sustained.
Direct hit. around 7th story, extensive damage; two persons killed by concrete.debris.

Outer- walls-darnaged, .occupants uninjured.

Near hits; outer walls penetrated by splinters; 6ccupants uninjured.
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Since World War 1II, the experiences of the Germans and theitr survi-

“valthrough several {irestorms have intérested many in the area of civil
. defense. These investigators havé-unanimously concluded that survival is.

possible within the ceinter of a firestorm area if a few simple requirernents
are met Broido and McMasters(37). Leutz(181, 183) Marshall( 08),

Hxll( 52), Martin and La.tharh,({zq 8 St:rope(328 331) Strope and Chrxst1an(332')
and Schunk(309) generally conclude that a simple underground shelter with the

proper protection against hedt, smoke, and the gaseous products of combus-
tion is the solution,

Such a shelter presents a serious ventilation problem in thét the inter-
nal effective temperature, carbon dioxide, and oxygen levels must be main-
tained within limits. These limits, previously discussed in Section V, are
subject to some disagreement between experts; nevertheless, there are
obviously limits which must not be exceeded for the safety of the occupants.

The closed shelter, therefore, must protect its occupants against two hazardss

one is the external mass fire environment, and the other is the internally
produced hazards of heat and the carbon dioxide and oxygen balance.

1. Internal Hazard

- The relative importance of each factor (heat, carbon dioxide
and oxygen) is determined by the human body and its$ production rate of and
tolerance to each. The time factor is determined by the shelter size (volume,
surface area), number of occupants, and ex1stmg ventilation condlg;_ons ice.,
the more occupants in a shelter of given size, surface area, and ventilation
conditions; the quicker the buildup of heat, carbon dioxidé and reduction in
oxygen. Each of these can and does vary in individuals performing different
tasks such as sitting, sleeping, and doing heavy work. The following table
was prepared by ASHRAE and is one of many: ¢ che subject..

TABLE 19. ENERGY EXPENDITURE, OXYGEN CONSUMPTION, CARBON
DIOXIDE PRODUCTION AND:RATE OF BREATHING IN MAN:

Energy Oxygen Carbon Dioxide  Rate of
Expenditure, Consumption, Production,  Breathing,

Physical Activity ~ Btu/hr - cu ft/hr cu ft/hr cu ft/hr
Prone, atrest 300 0.60 0.50 15
Seated, sedentary 400 0. 80 0.67 20
Standing, strolling 600 1,20 1.00 30
Walking, 3 mph 1000 2.00: . 1.67 50
Heavy work 1500 3,00 2.50 75

Source: See Reference (7).
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The individual hufman load placed on the closed shelter is:
Oxygen Consumption = = 0.85.cu £t/nr{328)

:Carbon Dioxide Production. 0.70 cu ft/hr{328)
Individual Heat Production 518 Btu/ hr(329, 330)

It can be seen that-the values chosen are between the seated andrstanding
values reported by ASHRAE. Using the chosen values, the relative hazard of

each parameter can be determined with regard to time in any particular shel-
ter situation.

a. Carbon Dioxide Production

Figure 24 represents the production of carbon dioxide in a
.closed shelter based on-the air space (in cubic feet) available per person within
that shelter. The volume per person used as. a standard by OCD is 65 cu ft/
person in shelters with adequate ventilation and 500 cu ft/person in shelters
without ventilation. From Figure 24, it can be seen that the limit of 3 percent
carbon dioxide will be reached in 21.45 hr, and'5 percent catbon dioxide will
‘be reached in 35.75 hr at 500 cu ft/person assuming a constant production of
0.7 cu ft of carbon dioxide per person per hour. :
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The length of sta.y in the shelter dumng a mass hre ‘may
depend.-on.-one-of two:things:.or :a::combination:of bothi={1)the fireitgelf, and
(2) fallout. For the purpose of discussion, stays for various permds of time
¢an be considered. For examplef

Condition.. _ Length of Shelter Stay
Mass Fire - Not 'Iirapped" 4-8 hr
Mass Fire - Trapped (await rescue) 24-72 hr
Mass Fire - Fallout . : 14 days

Based solely on the carbon dioxide content of the shel-
ter as indicated in Table 20, survival appears possible in shelters of the
65 cu ft/pierson type for 4 hr, shelters of 150-200 cu ft/person are ade-
quate. In:any long term stay of 24 hr or lénger, only the larger shelters
providing 500 cu ft/person or more appear to ‘be safe unless fresh air can be
provxded ini some way to relieve the carbon. dioxide buildup. For a long ferm

TABLE 20. CARBON DIOXIDE BUILDUP IN
CLQSED"SH}SL’I"ER (% BY VOL)

Length of ____Air Space (cu ft/Person) . .. _
Shelter Stay 500 " 7400 300 " 200 100 65 .50
4 hr 0.56% 0. 70 0.93 1.4 2.8 4.3 5..6:
8 hr 1.12 1.40 1.86 2.8 5.6 8.6  l.2
24 hr 3.36 4,20 5.58 8.4 16.:8 25.8 33.3
72 hr 10.08 12.60. 16.74 25.2 - - -
14 days ‘- -- - -- -- - -

*% COp ﬁy volume

stay under conditions of fallout, relief is absolutely neceéssary. The carbon
dioxide concentrations in each case could be reduced by mechanical veiitila-
tion or removal in order to extend the safe occupancy period. It might be
possible after a 4-hr closure period to draw fresh air into.the sheltér through
a vent protected from debris, excessive heat, smoke, and hoxicus. gases.

The data utilized in this discussion ate based on a constant
rate of carbon dioxide production per person.throughout the shelter stay. Any
heat buildup within the shelter will cause an increase ifi the respnatory volume
and heart rate.(25, 26) The oxygen concentration in the ghelter area 1)1 begm
to drop and this also effects an increase in the respiratofy volure. 14
addition, the buildup of carbon dioxide in,-fhg shelter continues. Under ’theSe‘
‘circumstances, the respiratory volume can be expeécted to rise quite rapidly-
However, the rate of carboh dioxide production can be éxpected to dnqpi.,
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Experlments by Hastings, et al, (143) ‘confirm this fact, Men:in a supine !
- position were monitored for the carbon dioxide content of their expired air %

while. exposed to 1.5 percent carbon dioxide in .air. An original excretion
rate of approximately 130ce/min dropped to approximately T40¢c/min after
eight days of exposure and then rose gradually over the next five weeks never
regaining the original levsl. (143

: The initial dfop in the respiratory gas exchange ratio was
explained. Breathing gas containing increased COZ concentrations will result
in a de gree of uptake of excess COZ by body alkali in an endeavor to maintain
a constant pH. Until a néw equilibrium is ‘teached between the increased CO2
and the COj, content of the body buffers, the amount of the CO; in the expired
ait mustbe less than the sum of CO% normally expired by breathing air and 1 :
the COp added in the experiments "
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The combined effect of heat, anoxia and carbon dioxide on
the respiratory volume and the carbon dioxide content of the expired air under
such circumstances is not known. In -a sealed and unventilated shelter, these
three factors will be of serious concern and.can be expected to increase the
‘hazard, the precise degree of which-is not Rnown.

b. ‘Oxygen Consumpti‘oh

Figure 25 represents the oxygen reduction in terms of
time (hr) versus the air space (in cu ft) available ‘per- person withih the shelter.
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Source: See Refcrence (7).

‘hazard and t"hat isthe productzon of-heat by the :occupants., ‘Estimated at
518 Btu/hr/person, this-heat is sufficient in some Cases to raise the temmpéra-
ture w1thm the shelter above beardble limits.

]

At the OCD staéﬁdé«zdmdf 500 cu ft/epg,r’sdn. the lower limit of 14 percent oxygen
is reached in4l.3hr, ~qu‘; at65 cu ft/peFson, the limit is reached in 5 35-hours:

-

_ This simple comparison is used-to point up-the fact that
the production ‘of catbon dioxide is thé determining factor for veatilation when
compared with the reductmn of oxygen. ) - )

 ;<:. Ventllatmn for O_gen and Carbon: D1ox1de Lmuts

ey

i In q.afal\loii;t situati,ﬁn“vfiﬁ‘efe:éi» éhelt’eiﬂ%st\ay.of as long as
14 days may be necessary, both oxygen-and carbon.dioxide can be kept within
survival limits by moderate-airflows of 0 .to 5 cfm/person or higher. Table 21

represents the azrflow requ1red to Taintain the neces sary oxygen content and
carbon dioxide level -

The values in Table 21 are valid only where the ventilation
is properly arranged ts reach allareas of a shelter and actually create the
number of air ¢hanges it is. designed to. accomplish. -From this table, it can
be seenthat an-airflow of 0: 50 cfm per person is sufficient to stay within the
3 percent ¢arbon dioxide and 14-percent oxygen limits. An airflow of 3 cfmis
recommended by OCD(2°4 and is sufficient to maintain the carbon dioxide level
at 6r below 0. 47 percent and the oxygen at or .above 19 19 percent.

‘TABLE 2. TERMINAL VALUES OF GAS CONCENTRATTON*:

Rate of Ventilation, : . Terminal Conc¢entration; % by Vol

cfm{Person : Carbon Dioxide Oxygen
‘0,25 5. 35 4.3
0.50 2:67 B S22
1..00 1.35 ' - 18. 77 a
2.00 0.69 19.53 ?
3.90 0,47 - . V9. 79 l
3,00 0..29 - - R ‘

*Thls char,t is based on an oxygen consumption -6f G, 90 oy ﬁ*/hr/person and a
carbon dioxide production of 0. 75 cu ft/hriperson:’

s
)
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- d . ‘Heat Producuon
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The closed -shelter suffers from :an-Jadditional internal
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. Of this 518 Btu, about 45 percent is .given-off in.the form:

of latent heat {(moisture, at a room temperature of 80° to 85°F). The balance

is. given.off as sensible heattothe surroundings. Thus, the sensible heat 8o
released acts to increase the temperature of the air inside the shelter while
the latent heat released acts to increase the humidity.(2°4) The heat rise in
the shelter is dependent on many variables including shelter size, number of
occupants within, shelter surface area, heat loss through the shelter, cli-
matic and soil conditions, ventilation, and humidity. This particular phase

has probably received more study than any cther regarding survival limits
within a shelter,

There are two internal heat conditions which must be con-
sidered for the closed shelter: (1) the situation where the shelter is closed
tightly, and the internal heat production must be absorbed by the walls, floor,
furnishings and enclosed air; and (2) the situation where air for ventilation is.
circulated through. the shelter from the outside and might bring in additional
heat. Review of previously referenced reports indicates agreement on the
point that the rate of air replacement necessary to maintain a safe tempera-
ture level in a closed shelter exceeds the rate necessary to maintain proper
carbon dioxide and oxygen levels.

Dijurnal variations and average outside 2ir temperatures
vary throughout the: country. The 1964 ASHRAE Guide and Data Bookl7),

Chapter 30, lists.the results of analog-computer studies on the rise in temper~

ature after ten days in shelters. In many cases, ventilation rates of 12 cfm/
person weré unable to maintain the 85° F limit. In several areas, increasing
the ventilationm beyond a certain rate: tended to increase the shelter space
temperature, because the: outside air was warmer than the shelter walls..
Martin and Latham{206) note that the ventilation requirements can easily go
well beyond even 1Z cfim/person as indicated in Table 22.

TABLE 22. VENTILATION REQUIRED FOR
TEMPERATURE CONTROL(%0

Temperature-of Average Temperature Amount of Fresh Air
Incoming Air, °F in the Shelter, °F Required per Adult, cfm

40 65 6.2
50 70 6.9
6T 75 8.0
70 80 10.0
80 85 15.3
85 87.5 25.

88 90 56
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From these reports, it is obvious that mechanical cooling
will'be necesgsary in many areas if prolonged shelter occupancy is to be: safe.
To date, the raajority of study has centered aroundthe 85 F (effective tem=
perature) recommended by OCD. The estimates of ventilation necessary to
maintain this temperature limit are related to the ambient weather conditions
and other diurnal variations, and it is, therefore, impossible to establish any
one criterion. In addition, the results of recent studies indicate that an

effective temperature of 85° F may be too thh for even young, healthy people
to endure over a two-week closure perlod

2. External Hazard

‘The external hazards to be considered for a shelter protecting
its occupants against the mass fire environment are heat and fallen debris,
carbon monoxide, smoke, oxygen reduction, and noxious gases. These
hazards are discussed here individually and as they relate to one another.

a. Heat and Fallen Debris

The heat load placed on the shelter environment by a mass
fire is a function of the time-temperatire history of the surrounding air, the
radiant heat :.exposure, thermal diffusivity of the shélter structure, and thick-
ness of shelter construction. The surface temperatures adjacent to an actively
burning fire might increase rapidly to a high temperatiure and then gradually
decrease with time as the combustible material is consumed, or it may be
exposed to burning debris which covers the shelter and causes a long, slow
buildup of heat. The free burning fire and its high air temperatures are not
expected to exist for more than 4. to 8 hr, while the h1%h temperatures of
smoldering rubble may last for days or even weeks. {

When the top of a slab or overburden above an underground
shelter is Flanketed with burning or smoldering material, the lower surface
of the slab will progressively rise in temperature and may continue to rise
for some time after the fire subsides. The magnitude of the temperature
rise at the ceiling of the shelter can be estimated from Figure 26. The
assumed fire model for these curves is based upon sudden outside surface
temperature rise to fire temperatures, tg at time = 0, followed by a linear
return to. the initial top slab surface:temperature before the fire, tg. The
elapsed time is designated as the fire period, 0. The temperature; t, of
the lower surface of the slab will continue to rise for a time during the
postfire period and can be computed from the temperature rise function, ¢,
at any time, 8, after the start of the fire. The crest of each curve occurs at
the time when the temperature of the lower surface ‘s maximum.

The equations on the followii - 924¢ 1~ ve been written to
express these relationships:
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- FIGURE 26. TEMPERATURE RISE OF SHELTER -CEILING
CAUSED BY AN OVERHEAD FIRE

T! = e (12)

b= —— (13)
-0 ,
Y=o (14)

where £ is the thickness: of the slab in feet. For example—to determine the
maximum ceiling temperature of a shelter and the: corresponding elapsed
time from time of fire commencement, when:

(1) themaximum temperature,t F» of the external surface
of the roof during a fire is 400°C (752° F);

(2) normal roof temperature is 27°C (80° F);
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(3) ti;e roof is 2-ft thick and has a thermal diffusivity, a,

~ 0f 0::03; and.
_ .~ ... .- 44y tie estimatéd température recovery time, 95, dueto
the fire is 8 houvs;

the solution is as follows:

1= (0938 . 6,06 (15)
(2)

From Figure 26, the peak of the curve occurs at Y = 3. 25,
the value of 6 is détermined by

6 = (8)(3.25) = 26 hr to max ceiling temperature {16)

This example points up the importance of shelter location in regard to the
exposures surrounding it.

The most serious hazard is expected to result in those
cases where the shelter is buried by heated rubble and exposed to thée higher
temperatures of 540° to 1090°C (1000°to 2000° F). Using 815°C (1500° F) as
the maximum temperature, tp; of the éxternai surface of the roof during the
fire, Eq. (13) then becomes

t - 80 = (0.055)(1500 - 80) (17)
t = 158°F (70°C) = maximum ceiling temperature

Leutz presents similar data (see Fig. 27).

Experience from World War II and peacetime fires indi-
cates that two different burning conditions may be expected depending upon the
degree of blast damage. If the structures are left standing while ignited, they
will burn. freely and tend to collapse straight down into their own foundations.
If there is a great amount of structural collapse prior to ignition, these
buildings ate expected to burn cooler resulting in lower air temperatures;
however, ‘they will undoubtedly burn over a much longer period of time. Any
shelters covered by such burning debris will be subjected to higher tempera-
tures over a longer period of time than a shelter exposed only to heated air
from a short, hot, freely burning fire.

Where shelters are covered by burning debris, the occu-

pants must seek escape as soon as outside conditions permit. For this rea-

son, .the exits must be protected from falling debris where its. occurrence is.
possible. Of those that survive the initial mass fire, many will be able to
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FIGURE 27. HEAT CONDUCTIVITY OF
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escape by leaving their shelters, while others who cannot leave because of
blocked exits will be forced to suffer the slow but steady buildup of heat from

the smoldering rubble which may be in direct conta¢t with the

shelter envelope.

Experience with blast damage, fires, and smoldering
debris in Germany led to the use of protected exits in those areas exposed to
rubble.(164) These exits were protected by brick or formed concrete arch-
ways which led to an area of safety beyond the reach of falling debris. Studiés
by Ahlers(3) and Edmunds, et al.(102), have investigated the structural debris
caused by nuclear blast and the problems involving in clearing the area after

the attack.

b. Carbon Monoxide, Smoke, Oxygen Reduction,

and Noxious Gases

The influx of smoke and fire gases into a shelter is perhaps
the most difficult hazard to define in the mass fire environment. If the shelter

is completely sealed off from the external environment, there is no problem

other than the internal buildup of heat and carbon dioxide, ‘the reduction in
oxygen, and the external heat load on the shelter envelope. When the condi-
tions inside the shelter approach dangerous limits, there will be a need to get

fresh air into the: shelter or renew the internal air.

As indicated -earlier, heat is expected.to be the primary

factor leading to the need for ventilation in a closed shelter.

When this ven-

tilation is sought, there. is the risk of bringing addi..onal heat plus fire gases
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into the shelter. Considering the expected duration.of a mass fire 'in any
particular area, the outside air should be in a useable condition aftér approxi-
mately 6 to 8 hr from ignition time. If the shelter is still occupied, the shel-
terees may elect to leave or to remain in case of fallout. There is also the
possibility that their exit may be blocked, preventing their leaving. In either
case, if the occupants need fresh: air, their lives depend upon the safety of

the outside environment.

If the outside air contains high carbon monoxide or a lethal
concentration of other noxious gases, ventilating the shelter will bring these
fire gases inside. Leaving the shelter will accomplish the same exposure.

In this regard, it should be noted that there are no accounts of any persons
who were able to survive the firestorms in Germany and then were killed by
the lingering carbon monoxide or noxious gases. The only deaths appear to
be those which occurred to trapped shelterees subjected to the long heat
buildup and to carbon monoxide from smoldering rubble.

In case of internal buildup of heat and carbon dioxide, there
is the possibility 'of being trapped in a shelter without exposure to external
heat and carbon monoxide. As suggested by Broido and McMasters(37), a
vent located free of rubble should provide the shelter with adequate fresh air
to supply the necessary cooling and oxygen until rescue is effected. a

The hazard of heat, gases, and smoke is most severe
‘during the active fire burning period including the buildup and burnout periods
(approximately 8 to 10 hr). The greatest hazard will of course occur in those
shelters that are open and exposed to thé wind currents of combustion products.
The importance of external wind conditions has been shown by two investiga-
tions. (313, 386) Winds of 4 to 50 mph -can create pressures of 0.01 to 1.0 in.
.of water.(mz) Thus, it is apparent that enough pressureis available to force
combustion products into shelters.

The shelter spaces most exposed to the mass fire environ-
ment are those in high rise buildings on the upper floors exposed by plain
glass windows. There are also those people who are caught in the open and
some who will remain in residential structures. Those in residential struc-
tures (wood frame) who seék sheltér in basements would not be expected to
survive a mass fire that passes overhead.

In order to accurately define the hazard from the influx of
cormmbistion products into a shelter, several variables must first be ‘known.
These are: ”

(1) The qualitative composition of the combustion prod-
ucts (carbon monoxide, oxygen, carbon. dioxide, eétc.),

(2) the quantitative composition of the combustion
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(3) wind velocity and direction,
(4)  shelter geometry and arrangement,
(5) rate of inflow of combustion products,

(6) shelter size, number of occupants,

(\

(7) shelter ventilation, and the

(8) envirfonmental conditions in a shelter at or before
moment of influx.

From this list of variablés, it is obvioius that a precise
definition of the hazard cannot be had at the present time; however, th¢ hazard
in general may be recognized and investigated. Items (3), (4), (6), (?#), and"
(8) may be assumed for purposes of discussion at this stage in the ''state-of>
the-art." Item (5) is presently under study. Items (1) and (2) have received
study by several investigators, each in his own way and under varying condi-
tions. Without a precise definition of the ranges of carbon monoxide; .carbon -
dioxide, and oxygén that are contained in the combustion product ‘stream, ‘the
life hazard cannot be evaluated. ]

For this reason, as a part of this project, theése two items:
were investigated under carefully controlled conditions in ordef to obtam an
indication of the ranges of these gases to be expected and their correspondmg
ratio in regard to each other. This experimental work is presented in Sec-
tion VII of this report.

One additional itern must be considered in order to define
the ‘true hazard from the influx of combustion products into shelter spaces,
and that is to define the effect of thesé comibustion products on humans. This.
important item, when defined, will clearly establish the allowable leakage ]
which may bé safely permitted into shelters in areas prorie to mass. fire
development.

With development of leakage rates; knowledge of the com-
bustion products, and a definition of their true hazard, the life safety of
shelters may be evaluated on a basis never before possible.

Review of the facts known to-date indicates that survival
is possible within a mass fire environment. It has been estimated that in
Hamburg 187, 000 out of some: 227, 000 persons who initially took réfuge in
the least protective types of shelters (''communal or private cellar shelters")
within the firestorm area were '"'saved either through remaining in the shelters
thf'oug’houg the raid or by ‘escaping to some safer ‘place while there was yet
time. Of those who were saved by '"escaping to some safer 8lace while
there was yet time, " some 45, 000 d1d so Wlth the a.1d -of rescue.(78) The few
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and simple requirements for life safety within a r'nas%fi}re ‘have been -outlined
by several investigators since Worid War Il. The most serious problem in
large American cities may be the inability to-get enough separation of shelters
from rubble in those areas where ¢ollapse and burning will ‘occur, In other
situations where fifes are sthe main problem, the most serious factor will' be
the influx of combustion products into.the la.rge fire-resistive buildings (both

from internal and extérnal fires) established 24 shelters. In Japan, experi-

ence demonstrated that many fire-resistive structures may be ¢ompletely
gutted by fire and left standing as structural skeletgns.(l44
if protected from radiant energies and burning brands, coild stand as safe
shelters in the midst of a burning city. At the presént time, there is not
sufficient definition of the mass fire environment to determine the life hazard
of combustion products in open areas or at various distances in the air within

" a mass fire.

In an attack situation where the sheltered populace is

" subJected to a mass fire and there is no radiocactive fallout, it is possible to
-.envision the development of fear from fallout, This could serve to prevent
' people from: .&scaping shelters which may later be subjected to conditions
beyond man! s survwal limits.

-Such structures, -
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VII. EXPERIMENTAL STUDY OF COMBUSTION.- PRODUCTS

Several authors have reported on investigations into the eneratxon of
combustion products by burning various building materials. (46, 169) Each
1nvest1bator has established different burning conditions, used dtfferent
methods, diffefent materials, and reported his data in varying ways. A
review -of this work, as presented in Section IV, reveals a hodgepodge of
experimental data when an attempt is made to relate the results to a rihass fire
environment.

The difficulty of extrapolating various test results has been recog-
nized by many authors. These problems zre understandable when one con-
siders the tremendous difficulties posed in conducting actual large-scale
experimental fires. There are many variables, and it is nearly impdssible
to hold some of thé parameters fixed so that valid comparisons can be made.
As a result, the reports of the various investigators indicate a wide range
for each of the parameters of interest which ¢annct be related to any one of
or to a combination of variables.

For this reason, it was decided to establish a burning condition for a
typical building material and conduct a limited number of experiments utiliz-
ing a standard test facility and with ventilation as the only variable. In this
manner, the production of heat, smoke, flame and toxic gases could be directly
related to thé rate of ventilation and to each other, under the precise condi-
tions of each test. As a result of his work,. Zapp(336) stated that the rapid
death which can.occur as a result of exposure to conflagrations "may be due
to heat or to the inhalation of a toxic atmosphére or to a combination of these.
Ventilation determines which of these factors predominate. "

Data thus secured would provide basic information regarding the
amounts of heat, smoke, and toxic gases to be .expécted from burning a com-
bustible building material under varying ventilation: conditions and their rela-
tive production rates with respect to each other. Such data could be used
to ;approxirmate the conditions of exposure to people in mass fires. Further
tesearch would then be necessary to define the life hazard presented under
the range of conditions t6 be expected. This combustion study is a necessary
and basic step required in the full definition of the mass fire life hazard.

In an effort to examine more closely the importarnce. of ventilation in
the production of combustionproducts, a series cf experiments-were conducted
utilizing the 25-ft flame spread tunnél furnace ~ASTM E84-61 "Standard'Method -
of test for Surface Burning Characteristicsof Building Materials.' Inthis test,
a. sample 20 in. wide.and Z'-Srfttlong is mounted omthe.tob of thefurnace, andthe
underside of the specimenis subfiected toanignitionflame ai-one end, while the rate

of airflow along the}length of the sample is carefully controlled. Under normat ,

test conditions, the variogs building materials are exposed to an ignition flame L
burning approximately 4-1/2 cu ft of natural gas/minute while the airflow is .
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maintained at 240 feet per minute-(fpm). In the tunnel furnace, which is
approximately 18 in. wide by 12 in. high in inside dimension, this amounts
to an airflow of 360 cfm. The air is controlled throughout the test to main-
tain a constant turbulent flow. )

During each test, the specimen i monitored visually for the spread
of flame along its surface; the heat output is monitored by means of a thermo-
couple placed in the exhaust stream; and the smoke production is monitored
by a photocell placed in a vertical position in the downstream exhaust duct.
The tunnel furnace is shown in Figure 28.

'\'

¥ 2] | [ETR P

Source: SwRI
FIGURE 28. ASTM E-84 TUNNEL FURNACE

In addition, during these tests, the exhaust stream was continuously
monitored for jts oxygen, carbon monoxide, and carbon dioxide content. The
carbon monoxide and: carbon dioxide were monitored continuously by means. of
two .Beckman Model 315 infrared analyzers, and the oxygen was continuously
monitored by a Beckman Model F3 oxygen analyzer utilizing the paramagnetic
properties of oxygen. Figure 28 depicts the gas analysis apparatus. The gas
analyzers sample the combustion product stream at a point approximately
14 ft downstream from the end of the furnace, and the ductwork is fully insulated
throughout this portion.
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Source; SwRI

FIGURE 29. <ARBON DIOXIDE, OXYGEN AND.
TARBON MONOXIDE ANALYZERS

Since tle purpose of this investigation is the definition of the mass
fire life hazard, it was decided to evaluate the effect of ventilation on the
combustion products produced by ordinary building materials using the
10-min fire test to answer questions such as: How low does the oxygen fall?
What range of carbon dioxide canbe expected? What range of carbon monox-
ide can be expected? and, What are the ratios of these parameters with each
other? The synergistic relationship and its importance has been recognized
but lacks the necessary definition to evaluate the life hazard.

In order to examine the ranges of the parameters to be expéected and
their ratios with each other, it was decided to concentrate on one common
building material and burn it in a controlled manner under varying airflow
conditions. Untreated and uncoated Douglas fir was chosen because of its
wide use in construction, The production of combustion gases, smoke and
heat were monitored under airflows of 100, 200, 240 (the standard velodity), ;

113
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Figure 30 and indicate the following general conclusions:

Smoke production varied with the velocity. As the velocity
increased, the smoke production (light absorption) decreased.
At 100 fpm, the light absorption reached a high of 18 percent
which was considerably higheér than measured in all four other
tests whiclk ranged from near zero to 5 percent.

The temperature of the exhaust gases reached a peak at 240 fpm
which was obviously an optimum burning condition. At 240 fpm,
temperatures reached 605°C (1125° F), and, at 100 and 400 fpm,
they reached 325° and 280°C (615° and 530° F), respectively.

The degree of oxygen reduction recorded in the combustion
product stream increased as the velocity decreased. At 100 fpm,
the oxygen content was reduced to 13 percent, and, at 500 fpm,
reached a low of 19 percent.

The carbon dioxide concentrations recorded in the effluent
stream followed a pattern similar to the oxygen reduction in that
it increased as the flow-decreased. A maximum of 5. 3% was
recorded at 100 fpm and a maximum of 1.3 percent at 400 fpm.

The. carbon monoxide concentrations rgcorded in the effluent
increased from 0.05 percent at 400 fpm to 1.0 percent at 100 fpm.

Considering the carbon dioxide/carbon monoxide ratio as an indication.
of the type or completeness of combustion, Figure 31 was plotted. The
carbon dioxide/carbon monoxide ratio varied from 6 to 30, increasing as the
airflow increased. Here, carbon dioxide is an indication of complete com~-
bustion, and carbon monoxide is an indication of incomplete combustion,

These results indicate that an optimum burning condition exists some-
where near the 240-fpm flow rate. The fact that 240 fpm is the standard flow
rate chosen also indicates its optimum qualities. At flow rates above 240 fpm,
the specimen burns more cleanly, produces less smoke, less carbon dioxide
and less carbon monoxide (percent by volume) and reduces the oxygen content
of the combustion product stream by a lesser amount.

. An airflow of 240 fpm produces the hottest fire, .and airflows above
and below 240 fpm produce much cooler fires. However, when examined
more closely from the standpoint of total heat content, the area under a time
temperature curve may be integrated to reveal a different relationship.
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FIGURE 31. CARBON DIOXIDE/ CARBON MONOXIDE RATIO
OF COMBUSTION PRODUCTS

When these results are plotted as in Figure 32, the results lock dif-
ferent since the total heat production.does rise as the airflow rises. Although
the temperature falls, the increased airflow more than makes up the difference

in terms of total heat.

The production of carbon dioxide and feduction. of oxiygen actually
follow an inverse pattern when compared with heat production. The ,specifig
concentrations (percent by volume) of carbon dioxide and reduction in oxygen
{cu ft) are at a maximum at 240 fpm (seé Fig. 32). The total production
of carbon monoxide was not a maximum at 240 fpm.

The se figures confirm the fact that thé:imaximum total production of
carbon dioxide and maximum oxygen reduction occur at the peak burning

temperature. The instantaneous maximums of gas concentrations in percent .-
by volume all occurred at the lowest airflow, -
117
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The momentary carbon dioxide/carbon monoxide ratio varied between
6 and 30 with a general relationship throughout the tests of lower ratios at lower

airflows, The ratio of total carbon dioxide/carbon monoxide production is
also nearly a straight line function of airflow with high ratio at high airfiows
and low ratios at low airflows (see Fig. 31),

Life safety ih a mass fire can be evaluated if the exposure to the sig-
nificant combustion products is known. If the exposure is not known, then it
must be assumed, andthis work provides a basis for those assumptions.

The data reported herein reflect only the combustion products that
would be produced from ventilated fires. This work should be extended to
investigate the effects of lowering the ventilation rate to néar zero in addition
to tests utilizing other common building materials.

Withthese data, a hypothetical mass fire situation may be evaluated in
terms of life safety. A burning condition may be assumed under particular
ventilation conditions. This combined with a known leakage rate will allow
calculation of the gas concentrations to be found in the shelter.
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VIII. EXPERIMENTAL STUDY OF THE EFFECTS
OF COMBUSTION PRODUCTS
A, General.

As: a part of this contract, an attempt was made to conduct a modest
but carefully controlled series of animal tests to form a partial basis for

- detérmining the life-safety hazard. Those parameters which are strongly

indicated as the primary factors in the causé of firerelated deaths by many
1nvest1gators(37 23, 385, 386) were studied.

This parameétric aha’l'ysis‘ is intended t6 point up the relative life
haza:'d as presentedhy - each paramecter. In addition, and most important,
the study is intended to define the- synerglsnc relationship of each factor with
every other and ’the synerglsm pnesented by a combmatmn of all factors.

It was- decrded”to mvest1gate or'ly those parameters which have already
been singled ou! as of primary concern bykpast investigators. These factors
in¢lude- heéat, carbén’ monoxzde,\ -and. oxygen (meductlon) The effects.
of other- trace -coastituents. were not studied in: thé cur&ont program.
Huwever, thev shouldpbe cons1de1’ed m“order“to‘deterfmme the: fmagmtude of
the respu'atory tract injury problem, i.6é3,-1it ma/ be the combmatmn of all
““the trace gasesg; (aldenydes, ketones,. nitrous’ oxides, et”x:‘ ) z.hat is the signifi-
To definethe ‘scope -of the p»cblem, it is xmportant that this

\elatxonshxp be”knowp. The 1mporta.m.er-of smok{ez(awborne pa,rtmulates
includingcarbof and’ any gases tha,t ‘may have conde.med on the cooler par-
t1cles)\1s one othe1 ea.ctorkm» need of defmztmnn Saa

ey T

“1‘2

~ -

The initial ‘study: beggn durmg {hxs “year's work was des1gned to provide
the basis for the demonstrat ion .cf the sxgmﬁcance of ‘the total combustion
product stream. from 6nhe..common buﬂdmg matenal m relation to an exposure

at the same temperature ‘and £arbon mo-mxlde level. Ammals were exposed

“to a controlled temperature -environitient in the laboratory :at various levels of
- carbon monoxide in air.

‘These results how form the basis for comparison of
an éxposure to.a stream of combustiof. products ffom the bxx;:n1ng of a common
bu11d1ng material. The stream could be sampled. at the pricise time it con-

‘tainéd the desiréd amount of carbon monoxide and: t‘xeetempei:ature easily

controlled to any desired level. The results of such;atest lshould indicate
the 'significance ‘of the effect of the éntire combmatwn of noxmu‘s gases as
‘opposed. to- the effect of ‘carbon monoxide ‘by itself. %=

- ¥
P - -

A work plan such ag-the one bnefly d1scussed is; desxgned q aefme
the relative. u'nportance ‘of the now- known prxmacy factors iri the mass-fire

[SAhasy

environment. Thé end tesult -of such work should be the* developmeﬁ‘ of time-
concentratioi: values of the.- pr1mary factors angd 'fnexr effecton humans. ”Such
a plan-should also define the szgmfxcance of trace ga.ses and smome». -~
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B. _  Study of Mice Exposed to Méderate Variations in Temperature and
Carbon Monoxide ’ o

As a 'fiirs.t“ step in the previously described plan, white mice were
‘exposed to variations in temperature and carbon monoxide concentrations in
air to determine the sig,nific‘ance_ of.any synergistic action that might result.

, These ngSei'irheﬁts were conducted in the SwRI laboratories by quali-
fied personnél in the Department of Physical and Biological Sciences under
the direct supervision of the Manager of‘the Analytical and Biochemistry
Section. ‘ o

1. - Animals

The test animals used were adult male, Swiss albino mice, 25
to 30 grams. The animals were procured from Simonson. Laboratories, Inc.;
Gilroy, California. '

. 2, Test Apparatus

An exposure chamber of gpp#d};imately; l-cu ft volume was con-
structed of plastic as shown in Figure 33, The chamber included an electrical

o £ . .

C e e wpae L L e

Source: SwRI

FIGURE 33. VIEW OF ANIMAL EXPOSURE CHAMBER
WITH TOP REMOVED
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(cone) heater and fan controlled by a rheostat, thermometer, and relative

humidity indicator,

the animals by a perforated asbestos sheet.

Carbon monoxide and breathing air was directed through individual flow
meters into a mixing chamber and then into the exposure chamber.
concentration in the chamber was then.monitored for its carbon monoxide con-

The area housing the heater and fan was separated from

The gas

tent by a Fisher gas part1t1oner (Model 25V), modified to allow a preset ali-
quot (5 to 565 ml) of chamber gas-to pass through to a manually controlled
integral gas sampling valve and then through a molecular sieve chromato-

graphic column.

Signals from the thermistor detectors were then transferred
to a Servoriter recorder (1 millivolt, Texas Instruments, Inc.).

Carbon

monoxide concentrations were calibrated and monitored on the basis of peak

height only.

This Fisher gas partitioner was also calibrated against a Beckman:

Model 315 infrared analyzer calibrated in the 0-t6 2-percent 'carbon monoxide
The agreement at levels of 0.05, 0.10, 0.30, 0.50 and 0.74 percent

range.

were checked, andthe greatest deviation was found to be 0.02 percent. The
deviation at 0.05 percent was only 0.003 percent; average deviation was:

0.0L] percent,

A schematic outline of the test apparatus is shown .in Figure 34,
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FIGURE 34, SCHEMATIC OF ANIMAL EXPOSURE APPARATUS
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- tests are shown in tabulated form- m Table 23/‘

-

’ creaaed re spzranon. decreased heart beat and then death

g i
H
% .

Each test was conducted with ten animals which were selected
without.:sorting from stock, placed in a clean group cage with standard labora-
tory food.and water, ad libitum. The animals were allowed to acclimate for
not less than 1 hr pnor to testing. No survivor of any test was utilized again.
All work conducted was in compliance with the "Principles of Laboratory Ani-
mal Care'' established by the National Society for Medical Research.

3. ‘Observations

Test animals exposed to temperatures of 38°C (100°F) ot higher
temperature (w:‘ch 6r without caibon monomde) for over 1 hr showed an obvious
pattern of activities and reat txons including explormg. nose rubbmg, jumping
(escape attempts), mcreazed respxratzon, increased’ heart beat,. defecatmg,
micturating, decreased respu'ation. ‘decreased heart-beat, lethargy and then,
death, Those exposed to 38°C (100°F). for 1 hr with no carbon monoxxde d:.d
not die. The ammals e‘:posed to” carbon monoxzde at Z7‘C (SO'F) showed e

From expenence. the time of death was noted to be that pomt
where e spu'atlon and heart beats were no longer vxsxble. The results of the

s L T J;

: . ~The'se resilts. md:cate that 1emperatures of 38* and 49'C (100/ o
nd 120°F) are ‘quite severe on the mice and do tend to- overshadow any
effect -of low levels of carbon monoxide on ‘the anxmals. Theré does appeat’
to be sharp effect of heat somewhere/between 27* and 38‘C (80' and L00°F),

5

SR The results fro;n/the tests at/Z’i‘C (80‘F) and 38'C (lOO’F)
T'sugge st that theis is a ‘gignificant synerg:.stm effect between carbon monoxide - -
~and heat, At 27°C (80°F)with 0, 5 percent.carbon mhonoxide in. air, the ten
- animals: survived an average of’ 0,88 hr in the /chamber. At 38°C (IOO‘F)
aﬁ‘dmo carbon monoxlde,:the 4nimals survived.an ‘average of 1,6 hours. When:
exposed $6 a combination of the two;’ i ., 38°C AE00*F) and 0. 5 ‘percent. -
carbon monox:.de in-air, the ammals survn-ed an. average of 0. 13 ‘ht inthe
chamber. Thxsaxs a. reductxon in.the average time of death of" over 670 per-

‘centsa very s1gmf1cant effect. - - g

: A control expenmentxwas later run at‘ 27‘C (80“F) with no caf- '
'boﬁs}mgri‘o:‘tide, and thé animals-survived a full ,lgoht'egggo_sure ,m//t,he chamber, '

PSR
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This review of the state-of-the-art of efforts to define the life hazard

IX. CONCLUSIONS i

in mass fires leads to the conclusions presented below:

(1)

(2)

(3)

(4)

(5)

(6)

(7

General

Mass fires, both conflagrations and firestorms, .are as yet not
well defined in terms of wind patterns, pressures, rate of spread,
or temperature profile.

The nature of combustion products in open areas within a mass
fire is virtually unknown in terms of both concentration and time.

The protection to be offered within a mass fire environment
from the heat, noxious gases, and smoke by various shelter con-
figurations (both designated and nondesignated) is not known
specifically. Fallout shelters, as such, cannot be expected to
afford protection againgt mass fires.

Effects of Combustion Products

The preponderance of opinion t- ate recognizes heat, carbon
monoxide, and possibly anoxia as the primary causes of death
in mass fires.

Heat is considered to be of prifary importance in the 'open. In
those shelters exposed to burning.or smoldering combustible
material, both carbon monoxide and heat are considered to be
of primary concern. In a sealec shelter, internal buildup of
carbon dioxide can become a seri-us hazard.

The physiological effects and man's limitations to short term ex-
posures of carbon monoxide and:anoxia are fairly well established;
however, the effects or limitations oflong term, chronic exposure
to ¢carbon monoxide andanoxia such as might be experienced in a
shelter stay of 3 to 14 days is not clearly established.

The presence of noxious gases and particulate matter in the
combustion products from burning materials has been well
recognized by many investigators; however, their presence in
the mass fire environment and resultant effect on people exposed !
is virtually unknown. In this regard, the possible synergistic '
effect of smoke and noxious gases in combination with the well
recognized hazard of carbon monoxide, heat, and anoxia has
been considered by many investigators and even demonstrated

[ —
.
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(8)

(9)

experimentally by a feww, The true significance of such syner-
gisms has not been defined for any combinationof factors, even

“the commonly recognized "primary'' parameters such as heat,

carbon monoxide, and anoxia.

To date, the primary hazard of smoke has been recognized as
visual obscuration, Significance of smoke in inducing panic and
its physiological effect when inhaled or ingested has not been
studied, but it is suspected by some to be a serious factor.

It is extremely difficult to'draw any final conclusion as to the
cause of death in past fires as a result of the analytical methods
used in autopsies. Many deaths are determined to be the result
of carbon monoxide poisoning without considering the passible
presence of other noxious gases or substances. In addition,

the respiratory tract has not been carefully studied in such

victims to determine the cause and effect of any chemical

tracheitis that may be present.
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X. RECOMMENDATIONS

‘i‘ 1y

‘Further study is required to establish the life hazard within the mass
fire environment. The following recommendations are presented to accomplish
this objective.

S

Recommendation No. 1. Studies to Further Define the Mass Fire
Environment ' “

-

There is need for more information on the nature of mass fires,
including wind patterns, pressures, temperature profiles and: gases. I:is
retommended that controlled large scale burns of buildings or simulated
buildings be developed for this purpose. As an alternate, it is recommended
that attention be given to the application of modeling techniques for the study
of mass fires. ‘Combustible models, appropriately scaled, should be used
so that all parameters of the problem could be studied.

Recommendation No. 2. Study the Production and Composition of.
Combustion Products: )

Because of the complex nature 6f .combustion products from the burn-
ing of building materials, little is known concerning the environment to be
found within a mass fire. Therefore, a study is recommended to determine
the makeup of combustion products, both qualitative and quantitative, to be
found in a typical mass fire environment in relation to time. Of particular
interest in such a study would be the production of smoke, its measurement,
and definition.

e & G o o o

It is recommended that this study be first conducted utilizing laboratory
facilities which are available. Combustion conditions are reasonably repro-
ducible from one run to another which gives a convenient method of making
duplicate runs. In such tests, it is recommended that a single variable such
as ventilation be utilized to vary the burning conditions and resultant com- -
bustion products.

Recommendation No. 3. Study the Hazard of Chronic Exposure to
Carbon Monoxidé and Anoxia ’

Data regarding physiological effects of human exposure to carbon
monoxide and anoxia over extended periods of time are not available which can
be used to define their -effects on people in shelters for periods up to 14 days.

. For this réason, an animal study is recommended. to define the threshold
limits of carbon monoxide and anoxia for long term, chronic exposures to man,

.
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Recommendation No, 4, Study the Hazard of Combustion Products
through Animal Tests

Studies of the Physiological effects of combustion products such

as carbon monoxide, heat, and anoxia have in the past been defined sepa-
rately. A program is recommended to study the significance of any syner-
gistic action that may result from a combination of two or more of these
variables. This study should include the effects of smoke and any other
significant noxious gases to be found in the first part of these recommenda-
tions. In addition, the study should define the importance of a stream of
noxious gases, each of which may be insignificant by itself, as a whole

in combination with the recognized carbon monoxide, heat, and anoxia
hazard.

It is not suggested that precise relationships be established but that
only the significance and order of magnitude of the various relationships that
may exist within a mass fire environment be defined. In this manner, the
more important synergistic relationships can be identified and evaluated for
further study if necessary.

Recommendation No. 5. Analysis of Body Tissue and Blood

The causes of death to burn victims have been of great concern to
medical science, and several investigators have suggested possible reasons
for these recurring deaths. These suggestions, based on years of experience,
have been made only to encourage further study of recognized problem areas.
The most widely recognized cause of death in fires, other than external burns,
is the inhalation and ingestion of combustion products which include all types
of noxious gases and smoke (particulate matter). A program is recommended
in conjunction with the previous two recommendations to investigate the effects
of combustion products on the respiratory mucosa and lungs of animals after
carefully controlled exposures. Such histopathological studies will dete rmine
if any chemical tracheitis or pathological change has taken place. Such a
program or study could be undertaken on a national basis with the cooperation
of hospitals, burn centers, coroners, medical examiners, and others con-
cerned with the treatment and autopsies of burn victims.
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MASS FIRE LIFE HAZARD

By A. J. Pryor and C. H. Yuill
Southwest Research Institute
September 1966
OCD Work Unit 2537A
Detachable Sumimary

Definition of the mass fire life hazard involves many factors and can-
nut be stated simply in any quantitative manner. This report is a qualitative
description of the hazard as it is known to date.

The first part of this program consisted of examining the life safety
problem in various possible fire environments by means of a state-of-
knowledge review. Itindicatesquiteclearly the generally recognized hazards.
Many investigators have defined these as carbon monoxide, heat, and inade-
quate uxygen by themselves or in combination depending upon the ventilation
conditions. Others conclude generally that the important factors are heat in
open areas and carbon monoxide in shelters and that deaths occurred only in
those shelters directly exposed to burning or smoldering fuel, sometimes in
the form of rubble or debris.

Two recent studies are referenced in which a comprehensive review
of the literature relative to combustion products in fires in buildings is pre-
sented. Both conclude that carbon monoxide and possibly oxygen deficiency
arc the primary factors in most building fires. Reference is made to the
serions effect of the combination of two or more gases each of which if
existing alone may not be harmful.

The interrelationships in the development of carbon monoxide, oxygen
deficiency, and other gases, or the possible existence of undetermined syner-
gisms have not yet been defined. Also, medical research indicates the impor-
tance of respiratory tract injury as the primary killer of the burn patient, yet
there is not sufficient information available to analyze the factors involved
in respiratory tract injury. No experimental work has been done on inhala-
tion injuries from combustion products in the upper and middle respiratory
tract. The chemical tracheitis is not expected to occur from the inhalation
of carbon monoxide, a reduced oxygen atmosphere, or even heat. Noxious
gases and smoke are suspected as the cause. Heat may be a factor in causing
mucosal injury or enhancing it in the presence of carbon monoxide or other
noxious gases,
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The life hazards and physiological effects of carbon monoxide, heat,
and reduced oxvgen have been reasonably well defined for fires in individual
buildings; ho'vever, a true definition of the miass fire life hazard requires
that the effects of these factors in combination be known. The literature
reveals very little on this subject that is applicable to the nmass fire life
hazard. -

A limited number of animal experiments were performed to examine
the significance of any relationship between carbon monoxide and heat. It is
indicated that such a combination may be five to twelve times more lethal
than either factor considzred separatzly.

A series of animal experiments is recommended to demonstrate the
significance of the noxious gases and smoke in a heated stream of combustion
products from the burning of typical building materials. Such a program
would either confirm or disprove the preponderance of opinion that carbon
monoxide, heat, or anoxia are the nain hazards in mass fires.




